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Kosmos 60 is today the most talked about 
furnace black for reinforcing natural and synthetic 
rubber. It originates from oil, and its manufac- 
ture is scientifically controlled to meet the highest 
standards. Its superb processing and balance of 
strength make for the best in rubber products. 


UNITED CARBON COMPANY, INC. 
Charleston 27, W. Va. 


New York ® Akron © Chicago ® Boston © Memphis 
Canada: Canadian Industries (1954) Limited. 


=} 
| 
A 
| 
60 


GROWTH 


in Carbe@n Blacks... 


Active Center of Carbon Black Modern Production Facilities, 

Research is the WITCO-CONTI- such as this new plant at Ponca City, ratory at 213 West Bowery Street, 

NENTAL Laboratory at 1400 W. Oklahoma, enable WITCO-CONTI- Akron, is completely equipped to 

10th Avenue, Amarillo, Texas. NENTAL to produce a complete line of handle customers’ formulation 
carben blacks, Latest process controls problems. 


assure rigorous uniformity of grades 
in all 5 WITCO)-CONTINENTAL plants. 


4 Production, research and technical service 
have shared in the dynamic, yet balanced, growth 
of WITCO-CONTINENTAL as a producer of carbon blacks. 


~ As our production grows, we are continually expanding 
our services to provide rubber manufacturers 
with every benefit of modern carbon black technology. 


Call on WITCO-CONTINENTAL for prompt sales 
and technical service in carbon blacks. 


Witco-Continental CARBON BLACKS 


FURNACE BLACKS CHANNEL BLACKS 

Continex® SRF — Semi-Reinforcing Continental® AA — (EPC) — Witco No. 12 
Continex SRF-NS — Non-Staining Continental A — (MPC) — Witco No. | 
Continex HMF — High Modulus Continental F — (HPC) — Witco No. 6 
Continex HAF — High Abrasion Continental R-40 — (CC) — Conducting 


Continex FEF —Fast Extruding 
Continex ISAF — Intermediate 


WITCO CHEMICAL COMPANY 
CONTINENTAL CARBON COMPANY 


122 East 42nd Street, New York 17, N. Y. 


Chicago Boston + Akron + Atlanta Houston Amarillo + Los 
$6 Years of Growth Angeles + San Francisco +» London and Manchester, England 
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Use the right PHILBLACK® 


in your rubber recipes! 


There are four Philblacks to choose 
from—just tell us your specific needs. 
Resilience . . . abrasion resistance . . . low 
heat buildup . . . high hot tensile? The 
right Philblack in your recipe can help 
you achieve these and many other desir- 
able characteristics in your finished 
product. 


Manufacturers of rubber products are 
invited to use Phillips technical sales 
service facilities for assistance in solving 
processing problems, too. 


Make full use of our valuable scientific 
data on rubber compounding and per- 
formance. For further information on 
how you can benefit by using Philblack, 
consult our technical representative. 


Meet the Prilblacks/ 


KNOW WHAT THEY'LL DO FOR YOU! 


Phitblack A FEF Fast Extrusion Furnace Biack 
Ideal for smooth tubing, accurate molding, satiny finish. 
Mixes easily. High, hot tensile. Disperses heat. Non-staining. 


Philblack | ISAF intermediate Super Abrasion Furnace Biack 
Superior abrasion resistance at moderate cost. Very high re- 
sistance to cuts and cracks. More tread miles at high speeds. 


Philblack O HAF High Abrasion Furnace Biack 
For long, durable life. Good electrical conductivity. Excellent 
flex. Fine dispersion. 


Philblack E SAF Super Abrasion Furnace Black 
Toughest black on the market. Extreme abrasion resistance. 
Withstands aging, cracking, cutting and chipping. 


DEY PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Division, 318 Water St., Akron 8, Ohio. 
Export Sales: 80 Broadway, New York 5,.N. Y. 
West Coast: Harwick Standard Chemical Company, Los Angeles, California. 


1943, Post Office at Pa., under the ree of 
ugust 24, . Acceptance mai at rate of postage provided for in paragraph (4-2), 
Section 34.40, P. L. and R. of 1948, authorized ember 25, 1940 
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NATURAL and 
SYNTHETIC 


thewe Adoantager BALL MILLING 
NECESSARY 
It is a liquid accelerator which upon 
* dilution with water is added directly 


to latex 


4 It is faster curing at room and elevated cur- 
* ing temperatures than most accelerators. 


3 It imparts high modulus and tensile 
¢ strength with flat curing and good aging 
characteristics 


Its use provides compounded latex for- 

¢ mulations which are stable on storage, 
exhibiting only moderate changes in 
viscosity 


For technical 
information write to 


CHEMICALS Division 


PENNSYLVANIA GALT MANUFACTURING company 


WZ SIMPLIFIES LATEX COMPOUNDING 
ADD DIRECTLY TO LATEX 
Morac Offers NO GRINDING OR | 
Bn. 
| 


YOUR 
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PRODUCT 
DESERVES 


Pont 
Rubber 
Chemicals 


DEPENDABLE IN PERFORMANCE 


... UNIFORM IN QUALITY 


bk. 1. du Pont de Nemours & Co. (Ine.) 
hlastomers Division 


*t6 rar orf 


BETTER THINGS FOR BETTER LIVING 
+++ THROUGH CHEMISTRY 


ACCELERATORS 


Accelerator 89 
Accelerator 552 
Accelerator B08 
Accelerator 633 
DOTG 
MBT 
MBTS 
ANTI-OXIDANTS 
Akrofiex CO 


Antox 
Neozone A 


Thivram E 
Thiurom M 
Thiuvram M Grains 
Zenie 


NA.22 
Permalus 
Polyac 
Ter done 
Tetrone A Zenite A 
Thiones Zenite Special 


Thionex Grains 


Neozone D 
Permalux 
Thermofiex A 


Abrofiex C 


AQUAREXES 
Aavorex D Aquorex ME 
Aquorex G Aquorex NS 
Aaqvorex | Aquorex SMO 
Aquorex MDI Aquorex WAQ 


BLOWING AGENTS 


Jnicel ND 


Unicel 


COLORS 
Rubber Dispersed Colors 
Rubber Red PBD Rubber ( 
Rubber Red 260 Rubber Blue PCO 
Rubber Yellow GO Rubber Blue GO 
Rubber Green FD Rubber Orange OD 


ORGANIC ISOCYANATES 
Hylene®M 
Mylene 50 


sreen OS 


Hy 
Hylene®TM-65 


Hylene 


PEPTIZING AGENTS 
RPA No. 2 
RPA No. 3 
RPA No. 3 C 


RECLAIMING CHEMICALS 
RPA No. 3 
SPECIAL-PURPOSE CHEMICALS 
Berok A 


tivator 


RPA No. § 
RPA INO. 6 
ncentrated 


elerotor ax ng agent 
HELIOZONE— check. 
Copper inhibitor «-872- ng 

L— Inhibits otaly? 2 nec ohibits 
tion of peer on elas racking of GR-S 


RETARDER Acceler. 


ator retorder 


weather 


tomers 


BLA—Elostomer lubricot 


DISTRICT OFFICES: 
Akron 6, Ohio, 40 E. Buchtel Ave 
Atlanta, Ge., 1261 Spring St., N.W 
Boston 10, Mass., 140 Federal St 
Charlotte, N.C. 427 W. 4th St 
Chicago 3, ill, 7 South Dearborn St. 
Detroit 35, Mich., 13000 W. 7-Mile 
Houston 25, Texas, 1100 E. Holcombe Bivd 
Los Angeles 58, Calif, 2930 E. 44th St 
Trenton 8, N. J. 1750 No. Olden Ave 
Wilmington 98, Del. 1007 Market St 
In New York coll WAlker 5-3290 
in Canada contact: Dy Pont Company of Canada Limited, 
Box 660, 


POrtage 2-646! 
+EMerson 5391 


FRonklin 5-556! 
ANdover 3-7000 
4-1963 


LOgan 5-6464 
EXport 3.7141 
Wilm, 4-512) 


4 
| 
|| 
| 
“neG PAT OFF 
\ 


Vhoto courtesy Bettis Rubber Company, Whittier, California 


A case of joint enterprise! 


Uncontrolled, a string of many joints of drill pipe is sur- 
prisingly flexible — rubs and slams against the casing — 
causes undue wear and damage. 


As protectors, drillers first collared the pipe with spacers 
of natural rubber. These did an excellent job in the face 
of extreme abuse and abrasion. 


But oil-based drilling muds brought a new problem: the 
natural rubber quickly swelled and deteriorated. 


To meet the need for high tensile strength plus resistance 
to the abrasion and attack of the drilling fluids, an enter- 
prising specialty molding company worked jointly with all 
concerned to perfect a new compound based on CHEMIGUM 
— the easy processing nitrile rubber. 


The oil] resistance of CHEMIGUM made possible a truly “all 
purpose” protector which not only wears well and retains 
“a “~~ its position on the pipe, but does so at higher 
CHEMICAL temperatures than any other on the market. 


GOOD“YEAR How can the processability, unusual] oil resist- 


> DIVISION | ance and excellent physical properties of 


Rubber & ld CHEMIGUM improve your product? For details, 


Rubber Chemicals Department write: 
Goodyear, Chemica! Division, Akron 16, Ohio 
Chemigum, Piiclite, Plic-Tuf, Pliovic ~T. M.'s The Goodyear Tire & Rubter Company, Akron, Obie 


CHEMIGUM «+ PLIOFLEX + PLIOLITE + PLIO-TUF + PLIOVIC «+ WING-CHEMICALS 
High Polymer Resins, Rubbers, latices and Related Chemicals for the Process Industries 
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"an economical vulcanizing agent 
for heat-resistant, non-blooming stocks 


VA-7 also offers processing advantages—it 
can be dispersed more easily and uniformly 
than sulfur. Stable emulsions for curing 
latices can easily be prepared from VA-7. 

The moderate price of VA-7 is another 


VA-7 is a new liquid vulcanizing agent for all 
types of unsaturated elastomers. It provides 
economical “ sulfurless cures for nitrile, 
GR-S and natural rubber stocks. 


Stocks compounded with VA-7 display an 
outstanding combination of heat aging resis 
tance... . high tensile strengths... . good 
hot compression set resistance... . and non- 
blooming characteristics in the cured and 


feature that makes this product worth your 
investigation. Try VA-7 for heat-resistant, 
non-blooming stocks at reasonable cost! 

For compounding information and a sample 
of VA-7 fill out and mail the handy coupon. 


uncured states. 


THIOKOL CHEMICAL 
780 N. Clinton Acces TION 
Trenton 7, New Jersey 


CHECK LIST OF VA-7 PROPERTIES 


Outstanding heat aging resistance 
Non-blooming in cured or uncured state 
High strengths at low concentrations 
Easy and uniform dispersion 
Good hot compression set 
Moderate price 


9 information 


ond a sample of VA-7 { J 


| Please send me compoundin 


CITY AND Zone 


SYNTHETIC RUBBERS PIASTICITZERS @ CHEMICALS ROCKET MOTORS 
780 NORTH CLINTON AVENUE + TRENTON 7, NEW JERSEY 
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We're Expanding Our Plant 


make more Philprene’ 


Because of greatly increased customer demand 
for our polymers and masterbatches, Phillips has 
launched an expansion program to provide an 
additional 20,000 long tons annually of the more 
than 20 different types of synthetic rubber mate- 
rials bearing the PHILPRENE trademark. 


Phillips will expand the capacity of its Plains 
co-polymer plant by 37 per cent to meet the grow- 
ing rubber needs. A substantial portion of this 
additional production is expected to become avail- 
able in the second half of 1956. 


Consult our Technical Representative about 
your particular rubber needs. We like to help our 


customers make better products . 


profits. 


. . and better 


CURRENT PHILPRENES 


Each is comparable to former GR-S with the same numerical designation 
except 1605 and 1803 as noted below. 


HoT 


PHILPRENE 
PHILPRENE 
PHILPRENE 
PHILPRENE 


1000 
1001 
1006 
1009 


PHILPRENE 1010 
PHILPRENE 1018 
ILPRENE 101 


NOTE: PHILPRENE 


PHILPRENE 
PHILPRENE 


PHILPRENE 


1019 ANDO 1503 ARE 
ESPECIALLY DESIGNED 
FOR THE WIRE 


1503 AND CABLE INDUSTRY 


PHILPRENE 1601 
PHILPRENE 1605° rubber 

masterbatch 


PHILPRENE 
Ol PHILPRENE 
EXTENDED PHILPRENE 


1703 
1706 
1708 


PHILPRENE 1712 


PHILPRENE 1803 
similar to GR-S 1801 but incorporating 
25 parts Philrich 5 


PHILLIPS CHEMICAL COMPANY 
Rubber Chemicals Division 
318 Water Street, Akron 8, Ohio 


> 
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Past Le 


when needed 


You've got a problem by the tail if your competi- 
tion is gaining advantage over you by manufac- 
turing at lower cost without decreasing quality. 
Sid Richardson Carbon Co. TEXAS “E’ and 
TEXAS “M” channel blacks can give you a 
helping hand toward lowering your costs either 
when used alone or in blends with higher priced 
blacks. 


TEXAS CHANNEL BLACKS are manufactured 
in the world’s largest channel black plant with our 
own natural resources nearby, assuring continu- 
ing deliveries to fill our customers’ requirements. 


Sid Richardson 


Cc AR B O N 


FORT WORTH, TEXAS GENERAL SALES OFFICES 
EVANS SAVINGS AND (OAM BUILDING 
ARRON OHIO 


| 
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Looking for a cost cutting, 
quality building 
miracle additive ? 


ve VELSICOL 


hydrocarbon resins 


to make better rubber 


products, build 


quality and cut costs! 


PHYSICAL 
PROPERTIES 


Type 


Form 
Specific Gravity @ 60°F 


Thermoplastic 
Hydrocarbon 
Solid or Powder 
1.13-1.15 
9.41-9.58 


AB-11-4 


Thermoplastic 
Hydrocarbon 
Solid or Flaked 
1.09-1.02 
9.08-9.33 


Here are the facts! 


X-30 


Thermoplastic 
Hydrocarbon 
Solid of Flaked 


Weight per galion @ 60°F (Ibs.) 
Bulking Value @ 60°F. 
Softening Point (Ball and Ring) 
Color (Coal Tar Scale) 

Acid No. 

Saponification No 


0.1044-0.1052 0,1074-0.1102 


210°-220°F 


*Color: Gardner: 10-11; Rosin Scale: I-K. 


These resins also have exceptionally good electrical insulation properties, because they are hydrocarbon polymers 
Compatible with a variety of natural and synthetic rubber compounds 


FOR: battery cases, electrical insulation, rubber shoe soles and heels, rubber floor tiling gaskets and jar 
rings, hard rubber compounds, tubular compounds, mechanical goods, rubber adhesives and cements, 
reclaimed rubber, molded rubber products, colored rubber stocks. 

ADVANTAGES: better milling, calendering, and tubing; more uniform cures, non-scorchy stocks; greater 

toughness, hardness, resistance to tearing, aging and abrasion; improved tensile strength 
and elongation; lower raw materials costs. 


Write for 
Technical Bulletin 218. 


VELSICOL 
CHEMICAL CORPORATION 
Dept. 96 330 East Grand Ave., Chicago 11, ItMinois 


of 
\ 
Wes 
| | : 
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220° 230°F ; 
20-22 
0-2 0-2 | 02 
0-2 0-2 2 
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PANARE 


improve products like these: 


If you compound rubber it will pay you to investigate low cost PANAREZ hydro- 
carbon resins. These softeners are available in any color from Barrett No. 1 to 18, 
and softening point from 40° F to 300° F. They are supplied in flaked or solid form. 


Compounds containing Panarez resins show IMPROVED COLOR AND COLOR 
STABILITY ... IMPROVED EXTRUDABILITY ...IMPROVED FLEX 
CRACK PERFORMANCE and ABRASION RESISTANCE... IMPROVED 
OZONE RESISTANCE ...IMPROVED TEAR RESISTANCE, TENSILE 
STENGTH and ELONGATION. 


No change in compounding technique is required when 
switching to Panares resins 


For confidential information about how these low cost Lite Sooo > 
resins might be helpful in your business, write us, tell- 
ing the intended application 


PAN AMERI 
oR 


“ 555 FIFTH AVENUE, NEW YORK 17. N.Y. 
HYDROCARBON 


| x 


With the introduction of hot water 
heaters in 1926 cars, motorists were 
beginning to roll in solid comfort 
during cold winter months. But 
research and development didn't 
stop there. Since 1951, air condi- 
tioning, at the touch of a button, 
provides year-‘round spring tem- 
peratures despite weather extremes. 


At the same time, the rubber indus- 
try was discovering new ways of 
making its products more versatile 
and longer lasting. Monsanto has 
played an important role in this de- 
velopment with its increasing num- 
ber of rubber chemical products. 


For example, Santocure NS, the 
newest Monsanto accelerator of the 
sulfenamide type, is characterized 
by even more delayed action, greater 
strength and full activity at curing 
temperatures. As an analogue of 
regular Santocure it is designed to 
meet the needs of present day high- 
speed production which involves 
high processing temperatures. 


For your copy of catalog ‘‘Chemicals 
for the Kubber Industry,’’ write 
MONSANTO CHEMICAL COM- 
PANY, Rubber Chemicals Dept., 
920 Brown St., Akron 11, Ohio. 


MONSANTO 


CHEMICALS ~ PLASTICS 
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How long did it take... — 
to get from here... tohere? 
Answer: 25 years 
4 
MONSANTO CHEMICALS FOR THE RUBBER INDUSTRY Fs bes 
ANTIOXIDANTS ‘Thietex’ (2-Mercopte 
Sentofiex* 00 Thiofide® (2,2. 
Sentofiex 75 (benzothiorole) | 
atowhite* A TORS WHERE CREATIVE CHEMISTRY 
Sentowhite MK Diphenyiguonidine (OP G) 
Sentowhite Guentel* WORKS WONDERS Fen YOR 
Sentowhite Powder ACCELERATORS an 
MERCAPTO ACCELERATORS thivrem-disuifide) Sulfur 
NS Mone Thivrad® (Tete 
Mertox® (Purified Thietex) us Pot OF 
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for highest 
RUBBER CHEMICALS 


— 


ACCELERATORS 
Thiazoles 
MBT (Mercaptobenzothiazole) 
MBT-XXX (Specially Refined — 
Odorless) 
MBTS (Benzothiazyldisulfide) 
NOBS* No. 1 Accelerator 
NOBS* SPECIAL Accelerator 
Guanidines 
DPG (Diphenylguanidine) 
DOTG (Diorthotolylguanidine) 
Accelerator 49 


ANTIOXIDANTS 
Antioxidant 2246® 
Antioxidant 4258 


PEPTIZERS 
Pepton® 22 Plasticizer 
Pepton® 65 Plasticizer 
RETARDER 
Retarder PD 
SULFUR 


Rubber Makers’ Grades 
*Trade-mark 


—_CYANAMID 


AMERICAN CYANAMID COMPANY 
RUBBER CHEMICALS DEPARTMENT 
BOUND BROOK, NEW JERSEY 


SALES REPRESENTATIVES AND WAREHOUSE STOCKS: Akron 
Chemical Company, Akron, Ohio « H, M. Royal, Inc., 
Trenton, N. J. « H. M. Royal, Inc., Los Angeles, Calif. « 
Ernest Jacoby & Company, inc., Boston, Mass. « Herron & 
Meyer of Chicago, Chicago lil.ein Canada: St. Lawrence 
Chemical Company, Ltd., Montreal and Toronto. 


1956 


12 
ANTI YD 
# 

Mae 

: 
nS 
</™~ 


RUBBER CHEM. & TECH.--Jan.-Mar. 1956 


HIGH ABRASION Olt FURNACE BLACK 
Best Quality HAF 
_ In the Industry 


At same channel black prices, Vulcan 3 gives 
up to 20°) superior roadwear to channel 
blacks in all types of rubber, plus better- 
than-channel black flex cracking resistance, 
mixing time, processing, extrusion, die swell 
and rate of cure, so change from channel 
blacks to Vulcan 3 NOW. 


CHANNEL BLACKS: Spheron 9 EPC © Spheron 6 MPC 
Spheron CCC FURNACE BLACKS: Vuicon 9 SAF 
Vulcon 6 ISAF © Vulcan SC SCF 
Vulcan C CF @ Sterling 99 FF © Sterling SO FEF 
Sterling V GPF © Steriing LHMF © Sterling LL 
Sterling S SRF © Pelletex SRF © Pelletex NS SRF 
Sterling NS SRF THERMAL BLACKS: Steriing FT 
Sterling MT © Sterling MI-NS 


Proved superior to channel blacks in more than 3,500,000 Cabot tire 
miles of road tests, . .cvailable for Pounds Sterling, Canadian Dollars, 
or Dollars. 


GODFREY L. CABOT, INC. 


77 FRANKLIN STREET, BOSTON 10, MASS. 
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For 
Accelerators, 
Activators, 


ACCELERATORS 
THIAZOLES 
M.B-T 
M.B-T-S O-X-A-F 
THIURAMS — 
MONEX*? Tuex? 
MORFEX ETHYL TUEXt 
PENTEX* 
DITHIOCARBAMATES — 
ARAZATE* ETHAZATE*T 
BUTAZATE* METHAZATE*! 
ETHAZATE-500 
ALDEHYDE AMINES — 
BEUTENE* HEPTEEN BASE* 
TRIMENE*® TRIMENE BASE* 
XANTHATES — 


Anti-Oxidants 


and ACTIVATORS 
VULKLOR DIBENZO G.m-F 
D-B-A 


Special 
Rubber 


v-G-B" FLEXAMINE 
OCTAMINE* BETANOX* Special 


SPECIAL PRODUCTS 
BWH.! SUNPROOF® Improved 
CELOGEN SUNPROOF™® Junior 


CELOGEN-AZ SUNPROOF* —713 
em E.S-E-N SUNPROOF® Regular 
LAUREX® SUNPROOF® Super 


TONOX* KRALAC* A-EP 


SPECIAL PRODUCTS FOR 
SYNTHETIC POLYMERS 

DDM — modifier 

THIOSTOP K&N — short stops 

POLYGARD — stabilizer U Pot Of 


THE WORLD'S LEADING 
MANUFACTURER OF 


TRY 
NAUGATUCK 


NAUGATUCK supplies a 


complete line of proven 
accelerators, activators, 
anti-oxidants, and special 
chemicals to give you 
thorough control of rubber 
product manufacture and 


RUBBER CHEMICALS 


LOOKING FOR... 
Plastics 
Reclaimed Rubber 
Synthetic Rubber 
latices 


Write, on your letterhead, for technical data 


or assistance with any Naugatuck product. 
tthese products furnished either in powder form or tart 
dispersing, free flowing NAUGETS 


Naugatuck Chemical 


Division of United States Rubber Company 
Naugatuck. Connecticut 
IN CANADA NAUGATUCK CHEMICALS DIVISION 
Dominion Rubber Company, Limited, Elmira, Ontario 


RUBBER CHEMICALS « SYNTHETIC RUBBER ¢ PLASTICS « AGRICULTURAL CHEMICALS 
RECLAIMED RUBBER e¢ LATICES ¢ Cable Address: Rubexport, N. Y. 


performance. 


1956 15 
ANTI-OXIDANTS 
AMINOK* B-t-E* 
ARANOX® B-X-A 
( h 
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Raise Quality and Lower Costs With 
Neville Coumarone-Indene Resins 


Coumarone-indene resins by 
Neville have become standard in 
the processing of rubber for an 
ever-increasing variety of prod- 
ucts in ever-greater volume 
throughout the years. Here’s why. 
Users find that Neville gives them 
constant good quality and fast 
service, and they save production 
time and costs and produce better 
products when they use coumarone 
resins. Also, Neville has a broad 
variety of these ideal extender- 
plasticizers in various grades and 
melting points to suit every prod- 
uct need. Our chemists will gladly 


assist yours in selecting the proper 
one for your purpose. Use the cou- 
pon to write for further informa- 
tion. 


Neville Chemical Company 
Pittsburgh 25, Pa. 


Resins — Coumarone-indene, 
Heat Reactive, Phenol Modified 
Coumarone-indene, Petroleum, 
Alkylated Phenol Olls— Shingle 
Stain, Neutral, Plasticizing, Rubber 
Reclaiming ¢ Solvents— 2-50 W 
Hi-Flash, Wire Enamel Thinners. 


Please send information on Neville Chemica 


NAME TITLE 
COMPANY 
ADDRESS 


16 
| STATE 


RUBBER CHEM. & TECH.—Jan.-Mar. 1956 


ADVERTISE m 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


Advertising rates and information about 


available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I. 
du Pont de Nemours & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 
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HOW YOU BENEFIT WHEN YOU USE 
SUN RUBBER PROCESS AIDS 


| IF YOU PROCESS 


i 

EXTENDED 

POLYMERS 

GR-S TYPES 1703 
1707 
1708 
1801 


CIRCOSOL-2XH 


BECAUSE 


New low cost! Low 
staining properties 
on white goods. 
Improves GR-S re- 
bound. Constant 
uniformity assures 
minimum down- 
grading. 


Oll EXTENDED 
POLYMERS 
GR-S TYPES 1705 
1709 
1710 


SUNDEX-53 


Versatile. Highly 
compatible with 
natural rubber, re- 
claims, GR-S types. 


NEOPRENE WHY 


SUNDEX-53 


Cost of compounds 
comparable to low- 
cost elastomers. 


REGULAR NEOPRENES 
and 


NATURAL RUBBER 


CIRCO LIGHT 


RUBBER 


PROCESS-AID 


True softening by 
physical changes 
in rubber struc- 
ture. Large quan- 
tities absorbed 
without blooming 


To learn more about using Sun Rubber Process Aids to get better physicals, 
lower costs, and easier processing, see your Sun representative. Or write 
for your copy of Sun's latest Technical Bulletin describing any of the above 
products. Address SuN O1. Company, Philadelphia 3, Pa., Dept. RC-1. 


INDUSTRIAL PRODUCTS DEPARTMENT 


SUN OIL COMPANY 


PHILADELPHIA 3, PA. 


IN CANADA: SUN OIL COMPANY, LTD., TORONTO AND MONTREAL 


USE 
| | 
— 
| | | 
| 
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CARBON BLACKS 


jor RUBBER COMPOUNDING 


ISAF (intermediate Super Abrasion Furnace) 
STATEX*125 


HAF (High Abrasion Furnace) 
STATEX-R 


MPC. (Medium Processing Channel) 
STANDARD MICRONEX®* 


EPC (Easy Processing Channel) 
MICRONEX W-6 


FF (Fine Furnace) 


STATEX-B 


FEF (Fast Extruding Furnace) 
STATEX-M 
HMF (High Modulus Furnace) 
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CHARLES GOODYEAR MEDAL AWARD 
FOR 1956 


To all members of the Division of Rubber Chemistry : 

This letter is to solicit proposals for candidates for the Charles Goodyear 
Medal Award for nomination by the Medal Committee at the Spring meeting 
to be held in Cleveland, May 16-18, 1956. 

Your proposals should be presented in the form suggested by the attached 
Outline for Proposal, and mailed to the Division Secretary, Dr. Neal, so as to 
reach him not later than March 26, 1956. 

For your guidance, I am attaching a list of the Charles Goodyear Medalists, 
together with a list of fields not yet fully recognized. Additional awards in fields 
already recognized, e.g., polymerization and vulcanization, are, of course, in 
order. The By-Laws do not prohibit the election of a foreign chemist. 

I hope each one of you will consider this matter carefully. 


J. M. Ball, Chairman 
Charles Goodyear Medal Committee 
OUTLINE FOR PROPOSAL OF A CANDIDATE 
FOR THE 
CHARLES GOODYEAR MEDAL AWARD 
Name of candidate 


. Statement of contribution of candidate for use for the Award Citation 


3. General statement concerning the importance of such contribution 


. Pertinent publication of the candidate 


. Brief biography of the candidate 


. Name, address, and signature of proposer member of the Division of Rubber 
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Nort Yer RecoGnizep 


Among fields which have not been fully recognized may be mentioned: 
Physics of rubber, including kinetic theory, dynamic and electrical properties ; 
reinforcement; oxidation; antioxidants; polysulfide rubbers (Thiokol); poly- 
chloroprene (Neoprene); vuleanizable copolymers of isobutylene and dienes 
(Butyl); cold GR-S and oil-extended GR-S; polyacrylate rubbers; silicone 
rubbers; isocyanate rubbers; reclaiming; physical testing; delayed-action 
accelerators; new reinforcing fillers; new processing equipment. 


1941 


1942 


1948 


1949 


1950 


1953 


CHARLES GOODYEAR MEDALISTS 


Davin Spence. A pioneer of rubber chemistry, who did much important 
early work. No lecture given. 

L. B. Sesrece. Research on antioxidants and accelerators. Lecture: 
“The Second Mile”, [ndustriel and Engineering Chemistry, 1943, p. 736: 
Ruseer Cuemistry ANd Tecuno.oey, 1943, p. 713. 

W. L. Semon. Synthetic rubber research. Lecture: ‘Research leading 
to commercial butadiene synthetic rubber’, Chemical and Engineering 
News, 1946, p. 2900; India Rubber World, December 1956. 

Ina Witttams. Neoprene and overall accomplishments. Lecture: 
“Vuleanization of rubber with sulfur’, Industrial and Engineering 
Chemistry, 1947, p. 901. 

Georce OeNsLAGeER. Pioneer in organic accelerators. No lecture 
given, 

H. L. Fisner. Long in the field of rubber chemistry; over all aec- 


complishments. Lecture: “Rubber research and the need for a rubber 


” 


research institute in the United States 
C. C. Davis. Development of the oxygen bomb test for accelerated 
aging; Chemical Abstracts; Rusper Cuemistry AND TECHNOLOGY; 
Editor “The Chemistry and Technology of Rubber”. Lecture: “Some 
of the real pioneers of the rubber industry’’, India Rubber World, 1951, 
p. 433. 

W. C. Geen. Oven aging test, de-icer for airplanes, encouragement of 
rubber research. Lecture: “Strategy in rubber research’. Industrial 
and Engineering Chemistry, 1951, p. 2436. 

H. E. Simmons. One of the early and best known teachers of rubber 
chemistry, and an inspirational guidance of younger men. Lecture: 
“Out of the past”. 

J. T. Buake. Research on oxidation and vuleanization. Co-editor of 
“The Chemistry and Technology of Rubber’. Accumulative accom- 
plishments. Lecture: future of rubber’. Chemical and Engineering 
News, 1953, p. 4290. 

G. 8. Wuirsy. Research on plantation rubber, vulcanization, ac- 
celerators, GR-S synthesis, overall accomplishments. [Editor of “Syn- 
thetic Rubber’. Lecture: “Reflections on rubber research’’. /ndustrial 
and Engineering Chemistry, 1955, p. S06. 

R. P. Dinsmore. Numerous important contributions to rubber chem- 
istry and technology; recipient of honors. Lecture: ‘Specifications for 
a rubber chemist’’. 


1944 
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GORDON RESEARCH CONFERENCES, AAAS 


The Gordon Research Conferences of the American Association for the 
Advancement of Science for 1956 will be held from June 11 to August 31 at 
Colby Junior College, New London, New Hampshire, New Hampton School, 
New Hampton, New Hampshire, and Kimball Union Academy, Meriden, New 
Hampshire. 

The Conferences were established to stimulate research in universities, 
research foundations, and industrial laboratories. This is a valuable means of 
disseminating information and ideas which otherwise would not be realized 
through normal channels of publication and scientific meetings. In addition, 
scientists in related fields become acquainted, and valuable associations are 
formed which result in collaboration and cooperative effort between different 
laboratories. 

The purpose of the program is not to review the known fields of chemistry, 
but primarily to bring experts up to date as to the latest developments, analyze 
the significance of these developments, and promote suggestions as to under- 
lying theories and profitable methods of approach for making new progress. 
This purpose is achieved by an informal type of meeting consisting of scheduled 
lectures and free discussion groups. 

Requests for attendance at the Conferences, or for any additional informa- 
tion should be addressed to W. George Parks, Director, Department of Chemis- 
try, University of Rhode Island, Kingston, Rhode Island. From June 11 
to August 31, 1956, mail should be addressed to Colby Junior College, New 
London, New Hampshire. 

The conference on ELASTOMERS will be held at Colby Junior College, 
New London, New Hampshire, July 30—-August 3. 

The following papers are scheduled for presentation: 


July 30 


. N. Mucunicx. Adhesive Bonding of Metals. 
. M. Austrapr. Fundamentals of Rubber Adhesion. 
. M. Onvperco and L. E. ALEXANDER. Crystallinity and Orientation in 
Organosiloxane Polymers—x-Ray Diffraction Studies. 
. L. Warrick. Crystallinity and Orientation in Organosiloxane Polymers 
Physical Measurements. 
July 31 


. Narra. Synthesis by Anionic Polymerization of New Elastomers and 
Unsaturated Crystalline Polymers. 
General Discussion of Synthesis and Properties of Cis-Polyisoprene and Related 
Polymers. 
W. 8. McNarr. Biosynthesis of Rubber. 


August | 


R. M. Pierson. Formation and Properties of Networks Involving Addition 
Polymers Having Reactive End Groups. 

H. WeEsTLinninG. Interaction Between Rubbers and Fillers. 

G. Kraus. The Significance of Swelling Equilibria in Carbon Black Rein- 
forced Elastomers. 
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August 2 


J. W. Sevvers, D. Inman, and M. P. WaGner. Reinforcement by Fine 
Particle Silica. 

I. Averpacu, W. C. Kuryia, and 8. D. Genman. A Diffusivity Approach 
for Studying the Molecular Structure of Elastomers. 

L. Mutuins. Recent Developments in Theories of Elastic Behavior and 
Mechanical Failure of Rubber. 


August 3 


K. W. Scorr. Dynamic Properties of Strained Elastomers. 
J. P. Berry. Stress Relaxation of Natural Rubber Vulcanizates. 
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FALL MEETING OF THE DIVISION OF RUBBER CHEMISTRY, 
PHILADELPHIA, PA., NOVEMBER 2-4, 1955 


The 68th Meeting of the Division of Rubber Chemistry was held in Phila- 
delphia, November 2-4, 1955, with headquarters at the Bellevue-Stratford 
Hotel. The Meeting was attended by 1,370 members and guests, which repre- 
sented the largest attendance that we have ever had at one of our meetings. 

The 25-Year Club met under the Chairmanship of Arthur Nellen, with 
approximately 200 present. The contest for the longest service in the 
rubber industry was won by H. B. Underwood of Minnesota Mining and 
Manufacturing. 

The banquet was attended by approximately 750 members and guests. 
The highlight of the banquet was the presentation of the Goodyear Medal and 
Scroll to R. P. Dinsmoore of Goodyear Tire and Rubber Company. 

The Executive Committee appointed H. I. Cramer as Councillor for the 
Rubber Division for the term 1956-59, and John Ball as the Alternate Council- 
lor for the same term. 

The Executive Committee also authorized the appointment of an Associate 
K:ditor for Rubber Chemistry and Technology. 

At the Business Meeting, recognition was made of the deaths since the last 
meeting of C. Brobiel, N. C. Hill, C. H. Masland, 2nd, G. Egloff, and G. 8. 
Haslam. 

Changes in the By-Laws of the Division were also ratified by the member- 
ship. The new By-Laws provided the following three services for the Division : 


1. The establishment of a Director representing the membership resident 


in Canada, 
2. A revision of the fiscal year of the Division. 
3. The establishment of two Library Committees. 


The officers for 1956, who had been elected by mail ballot, were announced. 
The following papers were presented : 


Ozone Cracking of Rubber: Objective Evaluation through Creep Measurement. 
H. M. Leerer anno G, L. Ganie (Monsanto Chemical Co., Nitro, West Va.). 

Exposure Tests of Chlorosulfonated Polyethylene Compounds. H. A. 
WINKELMANN (Dryden Rubber Division, Sheller Manufacturing Corp.. 
Chicago, Ill.). 

A Study of the Effects of Gamma Radiation on Rubber Compounds and 
Polymers. J. W. Born (B. F. Goodrich Research Center, Brecksville, 
Ohio). 

The Technical Manpower Situation. A. W. Davison (Engineering Man- 
power Commission, Engineers Joint Council, New York, N. Y.). 

The Effect of High Temperature on the Properties of Organic and Silicone 
Rubbers. G. M. Konxue, J. T. McInryre, ano J. V. Fennen (Dow- 
Corning Corp., Midland, Mich.). 

Compounding of Silicone Rubber. IV. Testing of Silicone Rubber at Elevated 
Temperatures. J. De Francesco, Roger D. ALLING, AND Joun H. 
BaLpripGe (Connecticut Hard Rubber Co., New Haven, Conn.). 

A Discussion of Some Factors Influencing the Duplicability of Tire Road 
Wear Testing. L. R. Sperperc (Three-T-Fleet, Odessa, Texas). 


ix 
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Highly Stabilized Non-Discoloring Rubber Compositions. D. B. Merniriecp 
(Monsanto Chemical Co., Nitro, West Va.). 

Vulcanization of Butyl with Other Rubbers. F. P. Forp ano R. L. Zapp 
(Esso Research and Engineering Co., Linden, N. J.). 

Sulfur Vulcanization of Vinyl-Substituted Polysiloxanes. K.E. PoLAMANTEER 
anv R. J. Kocu (Dow-Corning Corp., Midland, Mich.). 

Keffect of Varying the Vulcanization Temperature on the Physical Properties 
Of Black-Reinforced Tread Compounds. J. V. H. E. Ratts- 
BACK (Phillips Petroleum Co., Bartlesville, Okla.). 

The Effect of Carbon Black on the Oxidation of Rubber. F. Lyon, K. A. 
Bunrcess, anv C. W. Sweirzer (Columbian Carbon Co., New York, N. Y.). 

Goodyear Medal Lecture: Specifications of a Rubber Chemist. R. P. Dins- 
more (Goodyear Tire and Rubber Co., Akron, Ohio). 

Carboxylic Rubber. J. Green ann E. F. Sverprup (U.8. Rubber Reclaiming 
Co., Buffalo, N. Y.). 

Ameripol SN—A Synthetic Cis-Polyisoprene. I. Polymer Preparation and 
Properties. 8. L. Horne, Jr., J. P. Krenn, J. J. Sarpman, ann V. L. Four 
B. F. Goodrich Co. Research Center, Brecksville, Ohio). 

Ameripol SN--A Synthetic Cis-Polyisoprene. II. Processing and Vulcaniza- 
tion. EK. A. Witison (B. F. Goodrich Co. Research Center, Brecksville, 
Ohio). 

Ameripol SN-—-A Synthetic Cis-Polyisoprene. III. Tire Testing. M. A. 
Reinnart ANd E. A. Wituson (B. F. Goodrich Research Center, Brecks- 
ville, Ohio). 

A Cis-Polyisoprene Having the Molecular Structural Features of Hevea 
Rubber. F. W. Srvave ry (Firestone Tire & Rubber Co., Akron, Ohio). 
Kel-F Elastomer: Properties and Applications. M. E. Conroy, F. J. Honn, 
L. E. Ross, anp D. R. Wour (M. W. Kellogg Co., Jersey City, N. J.). 
Polyacrylic Ether-Ester Elastomers. I. The Compounding and Properties of 
Vyram Polyaerylic Elastomer. C. L. Gasie, H. W. Kitsourne, P. EF. 
McInryke, ano M. J. Pucu (Monsanto Chemical Co., Nitro, West Va.). 

Control of Polymer Breakdown in Oil-Polymer Masterbatches. W. K. Tart, 
J. Duxe, T. B. Lancuan, Sr., W. G. AND M. Fe_pon (Govern- 
ment Laboratories, University of Akron, Akron, Ohio). 

Correlation of Polymer Breakdown with Absorbency Index. W. K. Tarr, J. 
Duke, D. Prem, anno A. D. Snyper (Government Laboratories, University 
of Akron, Akron, Ohio). 

A Glass Polymerization Vessel for Small-Scale Laboratory Studies. J. D. 
SUTHERLAND AND J. P. McKenzie (Copolymer Rubber & Chemical Corp., 
Baton Rouge, La.). 

Thermal Degradation of Vulcanized and Unvulcanized Rubber in a Vacuum, 
S. Srraus and 8. L. Maporsky (National Bureau of Standards, Washing- 
ton, D. C.). 

Determination of Degree of Cure in Filler-Reinforced Vulcanizates by the 
Swelling Method. Grratp Kraus (Phillips Petroleum Co., Bartlesville, 
Okla.). 

Mixing Studies of Zine Oxide in a Banbury. H. O. Jones anno EF. G. SNYDER 
(New Jersey Zine Co., of Pa., Palmerton, Penna.). 
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REVUE GENERALE DU CAOUTCHOUC 


The many readers of the French rubber journal, Revue Générale du 
Caoutchouc, have doubtless been pleased to witness the growth and develop- 
ment of this interesting and valuable journal since its beginning many years ago. 

The journal has now acquired a ‘“‘new look,” with its larger size and in- 
creased amount of valuable information pertaining to science, technology, and 
industry. Particular attention is called to the publication of technical papers 
in English. Heretofore rubber chemists and technologists have been obliged 
to await the later appearance of many papers in RupBpeR CHEMISTRY AND 
TECHNOLOGY, but now papers are appearing in English in the Freneh journal. 

With these papers in English, and with excellent abstracts of the journal 
and patent literature, an increasing number of rubber chemists and tech- 
nologists, organizations, and libraries should find it highly desirable to sub- 
scribe to the Revue Générale du Caoutchouc for the interesting and valuable 
information which it publishes. 
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NEW BOOKS AND OTHER PUBLICATIONS 


PracricaL Larex Work. By H. J. Stern. Published by the Blackfriers 
Press, Ltd., Smith-Dorrien Road, Leicester, England. 4} & 7} in. 96 pp. 
(Tentative price $2.00).—This is the third edition of the book, originally pub- 
lished in 1940. Since publication of the second edition, two important changes 
have occurred. In the first place, many patents have now expired, so that 
processes previously confined to one concern are now available to all. Foam 
is the most important example in this category. Second, a wide range of syn- 
thetic latex is now available. Both these factors have made it necessary for the 
author to include much new material, Apart from the section on spreading, 
little has been omitted from this new edition. 

In rewriting the greater part of the text, Dr. Stern has made a new presenta- 
tion of much of the subject matter, with emphasis on those applications of 
greatest importance in the industry. Those sections dealing with latex foam, 
thread, paper, and rubberized hair have been expanded. The chapter on 
synthetic latexes has been greatly enlarged and should be of considerable value 
tu those interested in evaluating these new materials in both new and old opera- 
tions. In presenting this new edition, the author has held to his original 
objective to supply the type of information required in daily operations. 

In this work, Dr. Stern presents a discussion of natural latex; the prepara- 
tion of mixes for rubber manufacture; the manufacture of dipped goods; 
synthetic latexes and their applications, and miscellaneous processes, including 
the application of latex to textiles and fibers. He also discusses the cost factor 
as it applies to latex work. The book offers many interesting photographs, 
diagrams and tabular material. A complete table of contents has been pro- 
vided. [From the Rubber Age of New York. ] 

Furune Trenps iN Biacks. By I. Drogin. United Carbon Co., 
Inc., Charleston, W. Va., 4} & 8} in. 16 pp.—-This publication is a reprint of 
a paper given by Dr. Drogin before the Swedish Institution of Rubber Tech- 
nology held in Stockholm, November 26-27, 1954. The paper reviews briefly 
the progress made in the past for modernizing carbon black, its present 
status, the superabrasion furnace types of black already being used for 
increasing the mileage of tire treads and improving their resistance to crack- 
ing, and the types of blacks required for the technically classified natural rub- 
bers, the new types of synthetic rubbers, cold rubber, and rubbers extended 
with large quantities of oil. Consideration is also given to the types of blacks 
required to give satisfactory performance of tubeless tires and of the tires used 
on the newer passenger cars and trucks equipped with more powerful engines. 
The future trends in carbon black, according to the paper, point to fewer types. 
In the author's opinion, it is possible to reduce the number of types of blacks 
in general use now to three types, as follows: (1) A carbon black for tire treads, 
(2) A general purpose carbon black for tire carcasses and sidewalls and for 
higher quality mechanical goods, (3) A low cost black primarily for mechanical 
goods. [From the Rubber Age of New York. } 

Buna, Pritrunc, E1igenscuarren. W. Breuvers and H. 
Luttropp. Published by VEB Verlag Technik, Berlin. 1954. Cloth, 7 by 
94 inches, 427 pages, illustrated.—-Although Germany pioneered the actual 
production and use of synthetic rubber, particularly the Buna types, very little 
literature in book form has hitherto appeared on the subject in the German 
language. The present work is an attempt by the authors, both active at the 
Schkopau Buna works in East Germany, to fill this lack, and in this aim they 
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have largely succeeded. Each of the three main parts of the book, headed, 
respectively, ‘Production and Properties of Unprocessed Buna’’, ‘Testing 
Methods for Buna’, and ‘Compounds and Vulcanizates’’, discusses in numer- 
ous sections practically every aspect of the subjects indicated by these titles. 

In Part I « brief history of the development of Buna is followed by « sys- 
tematic treatment of production—from the monomers, through polymerization 
methods and the manufacture of the various types of Bunas and Perbunans in 
Germany, as well as of the GR-S rubber in America—and the properties of 
Buna. 

In Part IIl—the longest and most complete section— practically every kind 
of chemical and physical testing method used in Germany and America for Buna- 
type rubbers (with a few Russian and British tests added for good measure) 
finds a place, accompanied by numerous graphs, tables, and illustrations of 
apparatus and test results on samples. 

The third and last part of this book covers the action of various compound- 
ing ingredients, processing and—in greater detail—fillers and the comparative 
properties of different natural rubber and Buna compounds, as well as the re- 
sults obtained by mixing Buna 83, 84, and 85 with natural rubber. Various 
German carbon blacks and one Rumanian black are described, and the effect 
of increasing amounts added to Buna are shown in several graphs and tables; 
other tables show how these blacks compare with Philblack O, and still another 
series indicates the action of white fillers. 

The book is fully documented—every sub-section closes with a list of 
references, some of hitherto unpublished material; many patents are also men- 
tioned. Good indexes of authors and subjects conclude a book that should 
prove a valuable source work for all interested in Buna synthetic rubbers. 
[From the Rubber World.} 

Hee. and SoLe CompounpinG. By C. W. Lawson. Naugatuck Chemical 
Division, U. 8. Rubber Co., Naugatuck, Conn. 84 x 11 in. 32 pp.—This 
bulletin describes the manufacture of heels and soles. Photographs depict 
milling, cutting, and molding of the raw stock as well as trimming and inspec- 
tion of the finished product. Particular attention has been paid to economy in 
cost and good processing characteristics. Some 40 compounds are shown, 
including those utilizing GR-S 1503 and 1013 and blends of GR-S and natural 
rubber. Data on tear resistance, abrasion index, permanent set, elongation, 
tensile and 200 per cent modulus are given on press cures of 4, 6, 8 and 10 
minute cycles. In addition, the formulations are arranged according to high 
quality types, standard quality, competitive quality, Army grade, and super 
quality. [From the Rubber Age of New York. } 

INTERNATIONAL RuBBER Direcrory. Second Edition. Publishers, Verlag 
fuer Internationale Wirtschaftsliteratur GmbH., P.O.B. 108, Zurich 47, 
Switzerland. Cloth, 6 by 9 inches, 576 pages. Price, $12.80.-—This is the see- 
ond edition of the Swiss trilingual (English, French, German) directory of the 
world’s rubber goods manufacturers, and it mirrors the continuing expansion of 
the industry since the first edition was published in 1953. That volume had 
150 pages less than the current compilation, and considering that this 1955 
edition was based on data compiled during 1954, it seems certain that the third 
edition yet to be published, based as it will be on this boom year 1955, will be 
larger still. The United States, for example, had 45 pages of rubber manu- 
facturers listed in the first edition, with 60 pages now devoted to it in the present 
volume. Other countries reflect a similar growth. 
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Again, in addition to the main listings of firms, the number of their em- 
ployees, and the sort of goods they manufacture, there are sections devoted to 
associations and federations, schools and research laboratories, periodicals, a 
comprehensive buyers’ guide, a complete alphabetical manufacturers index 
and a trilingual technical vocabulary to aid the international sale and purchase 
of products. [From the Rubber World. ] 

Tue Systematic IpentiricaTion OF OrGanic Compounps. By Ralph 
L. Shriner, Reynold C. Fuson, and David Y. Curtin. Fourth Edition, 1956. 
Published by John Wiley & Sons, Inc., 440 Fourth Ave., New York 16, N. Y. 
426 pp. $6.00. In this new edition, the latest theories and techniques are 
included to modernize a volume which has already enjoyed twenty years of 
practical service. The book again provides reliable procedures for the prepara- 
tion of numerous useful derivatives of organic compounds, and up-to-date 
discussions of the most important types of organic reactions. The authors 
have added a new chapter on infrared and ultraviolet spectroscopy, giving full 
indications for their use with the common functional groups. The discussion 
of reaction mechanisms has been revised, and new theories are employed in the 
subjects of relative reactivities, physical properties, and solubility behavior. 

The chapters include the identification of unknowns, preliminary examina- 
tion, determination of physical properties, qualitative analysis for the elements, 
solubility classes, application of classification tests, use of spectroscopic methods 
for functional group determination, preparation of derivatives, tables of de- 
rivatives, separation of mixtures, and the solution of structural problems. 

CuemicaL Trape Names COMMERCIAL SYNONYMS. Second Edition. 
By Williams Haynes. Published by D. Van Nostrand Co., 120 Alexander St., 
Princeton, N. J. 6 X 9 in. 480 pp. $8.00.—Containing over one-quarter 
more entries than its predecessor, this revised edition gives precise and complete 
definitions of the special names used in the modern chemical industry. It 
covers both abbreviations adopted to simplify long technical names of the newer 
organic compounds and those terms coined by manufacturers. The terms 
listed in this book are confined to chemicals and chemical specialties sold in 
the industrial field. It includes specialties used in the rubber, paint, varnish, 
textile, metallurgical, and other industries. Definitions comprise generally 
two parts: first, the composition, and second, the chief uses. The uses recorded 
are indicative rather than inclusive. The uses of many items are literally legion, 
and in many cases the applications are exceedingly specialized, so users are 
urged to write the manufacturers direct—hence the index with their 
addresses—for detailed information. [From the Rubber Age of New York. 

ASTM Sranparps ON Piastics. Published by the American Society for 
Testing Materials, 1916 Race St., Philadelphia 3, Penna. 6 * 9 in. 812 pp. 
$5.75.--This compilation presents in convenient form ASTM standards and 
tentative specifications, methods of physical testing, recommended practices, 
methods of analysis, and definitions of terms pertaining to plastics. It has been 
substantially revised since the previous edition was published in May 1954. 
Of the total of 143 specifications and tests, four are entirely new and 41 have 
been either revised, reaffirmed, or advanced from tentative status to standard. 
Two others have been discontinued, one has been replaced, and another has 
been redesignated as a general method applicable to materials other than 
plastics. The standards in the book have been developed by ASTM Committee 
D-20 on Plastics and will be of special value to plastics engineers and to those 
concerned with the design and production of plastics and items in which plastics 
are used, 
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In addition to the standards prepared by Committee D-20, there have been 
included a number of specifications, methods of testing, recommended practices, 
and definitions applying to plastics in the electrical insulation field which are 
under the jurisdiction of Committee D-9 on Electrical Insulating Materials. 
Other standards of interest in the testing of plastics and developed by other 
Society committees are included. [From the Rubber Age of New York. } 

CHEMICAL ENGINEERING CataLoG. 1955-56. Reinhold Publishing Corp., 
New York, N. Y. Cloth, 84 by 11} inches, 1917 pages. Price, $12.50.—-This 
fortieth annual edition of the catalog contains, as in the past, photographs, 
descriptions, and specifications of industrial equipment available through 
American manufacturers or dealers. The volume is sectionalized into six 
indexes: company name, function of equipment, equipment and materials of 
construction, plants and specialized services, pilot-plant manufacturers, and 
trade names. More than 550 equipment manufacturers and their products 
are contained in this latest compilation. [From the Rubber World. } 
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STUDIES OF THE VULCANIZATION OF HIGH ELASTIC 
POLYMERS.* I. THE VULCANIZATION OF NATURAL 
RUBBER WITH THIURAM DISULFIDES 


PART 1 


WALTER SCHEELE, Orro LorENzZ, AND WILHELM DUMMER 


Tae Inerirete, Tecuntisene Hocnacucte, Hannover, Greamany 


INTRODUCTION 


Perhaps nowhere in chemistry is there encountered a field which even in its 
literature alone shows so many uncertainties and (possibly only apparent) 
contradictions as that of the vulcanization of rubber. This is especially felt 
when one attempts to develop a clear-cut picture of the state of affairs based on 
the numerous individual observations as well as on the theoretical concepts 
that have been developed. In view of these conditions, which, moreover, entail 
in practical circles a discussion devoid of scientific basis, it was decided to carry 
out an experimental study with the goal of collecting our own experiences and 
thereby, in each particular topic, to contribute to clearing up the situation 

The overemphasis and, as it sometimes seems, the overvaluation of physical 
(technological) criteria in the investigations of vulcanization may have con- 
tributed to the failure to attach to purely chemical investigation in this field 
the importance that it actually deserves. This may explain the fact that 
analytical studies arouse even less interest than they should. Yet it will never 
be possible to obtain essential insight into the processes taking place in vul- 
canization unless both physical and chemical studies are carried out simultane- 
ously, and unless, in carrying out the latter, the analytical bases which are 
prerequisites for the task are created or further developed. 

The reason for prefacing these remarks is that the results presented in this 
paper on the vulcanization of rubber with thiuram disulfide could not have been 
accomplished without the application of methods of analysis developed by us. 

Investigations aimed at explaining the vulcanization of rubber with thiuram 
disulfide should arouse the interest of both the practical rubber technologist 
and the scientist. This is because thiuram disulfides are themselves vuleaniza- 
tion agents and yet, in the presence of sulfur, act like other vulcanization uae- 
celerators. 

In the literature one finds numerous publications which deal with the vul- 
‘anization of rubber with thiuram disulfide. None of them, however, appears 
able to answer exhaustively the question of the reaction that takes place 
Bruni and Romani!’ have put forward the view that tetramethylthiuram di- 
sulfide, the most commonly, if the only thiuram disulfide studied, is broken up at 
the temperature of vulcanization into sulfur and its monosulfide. They con- 


* Translated for Kussen ann Tecunovoay from Kautachuk und Gummi: Part from Vol. 7 
No, 12, pages WT 273-279, December 1954; Part II from Vol. 8, No. 1, pages WT 2-8, January 1055, Part 
III from Vol. 8, No. 2, pages WT 27-31, February 1955; Part LV from Vol. 8, No. 4, pages WT 85-00, April 
1955, and Part V from Vol 8, No. 10, pages WT 251-257, October 1955. Part I is based on a lecture given 
at the meeting of the Deutsche Kautschuk-Gesellschaft in Munich, October 21-23, 1954 
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sider that the sulfur released, which is surely highly active, effects the crosslink- 
ing by sulfur bridges of the macromolecules. Bedford and his coworkers? also 
explained the vulcanization with tetramethylthiuram disulfide in this way. 
Finally in this connection one is reminded of the thermal splitting at higher 
temperatures of tetramethylthiuram disulfide into sulfur, carbon disulfide, and 
tetramethylthiourea*’. This can be regarded as a thermal decomposition of the 
disulfide in which the thiuram monosulfide is an intermediate product. Here 
too the actual vulcanizing agent is sulfur; yet the course of this process would 
produce a different situation, inasmuch as it precludes the formation of tetra- 
methylthiuram monosulfide. But we know that this particular compound, 
although itself not a vuleanizing agent, is capable of accelerating the vuleaniza- 
tion of rubber by sulfur. To explain this, the formation of thiuram disulfide 
and even of its higher sulfides is assumed. These are supposed to transfer 
sulfur to the rubber and form thiuram monosulfide again. If this course of the 
reactions in question is assumed, then vulcanization can take place only if 
equilibrium prevails between the partners (sulfur, thiuram monosulfide, 
thiuram polysulfide (?)). This view is in accord with the conclusions drawn 
from their investigations by Craig and coworkers*. Yet we do not know of any 
experimental proofs that actually demonstrate the occurrence of such equilibria. 

If the above reactions occur at all in the vuleanization with tetramethyl- 
thiuram disulfide, they are not in any case the only ones. This can be seen 
from the work of Cummings and Simmons*, Shepard’, and Shimmada’, in 
which the formation of zine dimethyldithiocarbamate is noted in the vuleaniza- 
tion of rubber with tetramethylthiuram disulfide in the presence of zine oxide. 
(Demonstration of the presence of dithiocarbamate by its characteristically 
colored heavy-metal salts). The formation of zine dithiocarbamate in thiuram 
vuleanization has since been abundantly established, among others by Stiehler 
and Wakelin® in an x-ray study. The proof of the presence of dithiocarbamate 
in the extracts of thiuram vulcanizates naturally opens the way to new points 
of view. The formation of this compound may be attributed to a reduction of 
the thiuram disulfide, in which the rubber furnishes the necessary hydrogen 
The chain radicals which result could then mutually satisfy each other and 
thus lead to cross-linking by C-——-C bonds. A cross-linking by C-—C bonds is 
discussed by Gee* and by Farmer and Michael", and these authors attribute to 
the thiuram disulfide a reaction mechanism analogous to that of benzoyl per- 
oxide. Similar considerations are entertained by Bloomfield". To be sure, 
Farmer appears nevertheless to believe that there is a splitting off of the sulfur 
from the disulfide’. 

Of all the publications which concern themselves with thiuram vuleaniza- 
tion, we have found the investigation of Jarrijon™ to be of special interest, al- 
though in the literature in general it has received only slight mention. The 
work of Jarrijon, in which the presence of zinc dimethyldithiocarbamate is 
shown by spectroscopic methods and the conversion of the thiuram disulfide 
to dithiocarbamate is studied quantitatively, leads to the result that always 
70-76 per cent of the thiuram disulfide goes over into dithiocarbamate, and 
while the vuleanizates contain sulfur, no thiuram monosulfide can be found. 
From this, Jarrijon concludes that thiuram vuleanization depends exclusively 
on formation of C-——C bonds, brought about by dehydrogenation of the rubber 
by thiuram disulfide. He postulates that the disulfide, with its ==N--C(S)—S 
groups, attaches to the double bonds and that the addition product reacts with 
the structural units of the rubber macromolecules, liberating dithiocarbamic 
acid and regenerating C-——C bonds. This interpretation of his results, although 
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plausible in itself, is not sufficient to explain the consistent 70-76 per cent con- 
version. 

Jarrijon is not in accord with the previously discussed concepts of thiuram 
vulcanization, since his conclusions categorically exclude the contribution of 
sulfur to the vulcanization. His view prompts us to compare thiuram di- 
sulfide as a vulcanizing agent with other compounds, such as quinonedioximes 
and their derivatives", aromatic dinitro compounds", diazoamino compounds'*, 
which are likewise able to vuleanize rubber and concerning which Ostromislen- 
sky"? has postulated that they react with rubber in a sort of oxidation-reduction 
reaction. 

The above comments clearly bring out the variance between the views that 
prevail concerning the mechanism of thiuram vulcanization, and emphasize the 
need of a new and more fundamental treatment. We have considered it de- 
sirable to follow the material conversion quantitatively as a function of both 
the reaction time and the temperature, and at the same time to use homologous 
thiuram disulfides in order to study the influence of their particular chemical 
constitution. All the investigations were carried out with natural rubber and 
with zine oxide present, which we regard only as a basic raw material. The 
vulcanizing agents were tetramethyl-, tetraethyl-, and tetrapropylthiuram 
disulfide. They were prepared in the conventional manner from the corre- 
sponding secondary amines and carbon disulfide by oxidation of initially formed 
salts of dithiocarbamic acid with hydrogen peroxide or iodine. 


EXPERIMENTAL 


PREPARATION OF THE VULCANIZATES 
All vuleanizates were prepared with natural rubber (pale crepe) after 72 
hours’ acetone extraction in the Soxhlet apparatus. Breakdown on the rubber 
mill was kept as slight as possible by keeping the rolls at 60-70° C. As soon 
as the stock formed a fairly smooth layer on the rolls, the zinc oxide was first 
added and then the particular thiuram disulfide. Special care was taken when 
the thiuram disulfide was added to hold the roll temperature as low as possible 
(about 50° C). This was to preclude any appreciable effect on the result of 
reactions that might be initiated even at lower temperatures. The prepared 
mixes did not emit the slightest odor other than that of masticated rubber. 

Vuleanization was carried out at different temperatures and the reaction 
time varied systematically. The experiments were, moreover, conducted in a 
thermostat (with paraffin oil as medium). The samples were contained in 
closed molds. At the end of the vulcanization period they were quickly cooled 
in order to stop the reaction. This is especially important when the reaction 
time is short. It is interesting to note that, even when the molds were opened, 
no odor of any sort such as carbon disulfide, amine, etc., was perceived, which 
would have suggested occurrence of thermal splitting. 

All the batches contained an excess of zine oxide, namely, about five times 
the amount necessary for combination with the dithiocarbamic acid that would 
eventually be evolved from the added thiuram disulfide. The thiuram con- 
centration in the rubber was generally 0.1 to 0.2 millimole per gram, ie., very 
much less than that corresponding to the number of double bonds. 

We did not undertake to determine the physical (technological) character- 
istics, e.g., the modulus, since, apart from the fact that the physical properties 
of the vuleanizates depend on the degree of breakdown, which we do not char- 
acterize in any case, they naturally vary with the amount of the added thiuram 
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disulfide. This has been studied more closely by Morrison and Shepard". 
We were interested in the mechanism of the vulcanization reaction itself, and 
this is a chemical problem. 


THE ANALYBIS OF VULCANIZATES 


For analysis, the vuleanizates were cut into small pieces and extracted in the 
Soxhlet apparatus either with acetone (practically no swelling), or with cyclo- 
hexane (considerable swelling). The extraction was found by careful tests te 
be quantitative after 48 hours with acetone and after 24 hours with cyclo- 
hexane, as shown by the absence of a red coloration on the addition of copper 
sulfate to the extract after concentration by evaporation. 

The extracts were analyzed quantitatively by the conductometric methods 
developed by us'*. These proved to be very reliable. It is necessary, however, 
to make a few remarks about the behavior of the zine dialkyldithiocarbamates 
and the tetraalkylthiuram disulfides, as well as their binary solutions in boiling 
organic solvents, before we describe briefly the course of the analysis. 

When solutions of zine dimethyl-, zine diethyl-, or zine dipropyldithiocar- 
bamate in acetone or cyclohexane are heated to boiling for 24 hours or even 
longer, these compounds do not undergo any change at all. This is shown by 
the fact that, after evaporation of the solutions to dryness in vacuo and again 
dissolving the residue in acetone, one obtains by conductometric titration with 
hydrochlorie acid the same amount of added dithiocarbamate within the limits 
of accuracy of the titration method. Under the same conditions, thiuram di- 
sulfides behave quite differently. They undergo evident decomposition, which 
oceurs most rapidly in the case of tetramethylthiuram disulfide, appreciably 
slower with tetraethylthiuram disulfide, and with tetrapropylthiuram disulfide 
is practically no longer observed provided its solutions are not kept boiling for 
excessive lengths of time. A definite dependence of decomposition velocity on 
the type of solvent can be noted. All three thiuram disulfides are much more 
stable in cyclohexane than in acetone, so that tetrapropylthiuram disulfide can 
apparently be treated with boiling cyclohexane indefinitely without appreciable 
decomposition, Even tetraethylthiuram disulfide shows but slight breaking 
down after boiling in this solvent for 24 hours. Tetramethylthiuram disulfide, 
however, suffers considerable decomposition. The above described relation- 
ships can be derived from the quantitative analysis of the solutions. To this 
end the particular solvent is distilled in vacuum, the residue taken up in acetone, 
and diluted with water. This solution is then titrated conductometrically 
with copper sulfate in the presence of hydroquinone. We have not made any 
detailed study of the nature of the decomposition. 

A noteworthy fact that is important in the analysis of vulcanizates is that the 
splitting up which thiuram disulfides undergo occurs much more rapidly if zine 
dialkyldithiocarbamate is present. The influence of the zine dithiocarbamate 
on the process is again most marked with tetramethylthiuram disulfide and is 
most in evidence in acetone solutions, whereas cyclohexane solutions of thiuram 
disulfide and zine dithiocarbamate are much more stable. Even tetrapropyl- 
thiuram disulfide, which we have stated to be quite stable, undergoes appreci- 
able although relatively slight decomposition in the presence of zine dipropyl- 
dithiocarbamate. In all cases, however, the particular zine dialkyldithioear- 
bamate remains unchanged. These observations can be followed quantita- 
tively if the solutions are treated as described above and then the water-acetone 
solution is first titrated with hydrochloric acid to determine the dithiocarba- 
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mate and then, after the greater part of the acid has heen neutralized, titrated 
with copper sulfate in the presence of hydroquinone to determine the thiuram 
disulfide. An alternative method is to treat the solution with dodecanethiol, 
which reduces the thiuram disulfide to the dialkylammoniumdithiocarbamate, 
with splitting off of carbon disulfide, and then to determine the sum of the 
thiuram disulfide and dithiocarbamate by conductometric titration with acid. 
The dithiocarbamate is determined in a separate sample of the solution, which 
does not require any special treatment. This also is done by means of con- 
ductometric titration with acid. From the difference between the two analyti- 
cal results, the amount of the thiuram disulfide can be calculated. This in- 
direct method of course gives exact results only if both compounds are in fairly 
comparable molar concentrations. 

These observations concerning the instability of the thiuram disulfides in 
organic solvents must be considered in making quantitative analyses of vul- 
canizates, for it is a primary problem to determine with the greatest possible 
accuracy the change in the thiuram disulfide concentration with time of vul- 
canization, 

When the above considerations are kept in mind, the quantitative analysis 
of the zine dithiocarbamate in vuleanizates is relatively simple. The procedure 
was as follows. In order to prevent interference of the acidimetric conducto- 
metric titration of the dithiocarbamate, etc., by decomposition products of 
residual unconverted thiuram disulfide (amine), the extracts were first dried in 
vacuum. The evaporated solids were taken up in acetone and diluted to a 
known volume in a measuring flask. Aliqout parts of this solution were intro- 
duced into the conductivity cell and diluted with water in such amount that 
precipitation of the dissolved compounds was avoided. Then they were 
titrated with hydrochloric acid of known concentration. The conductivity 
cell was kept at 40° C in a thermostat. Care was taken to see that the gal- 
vanometer deflections were constant after each addition of the acid. This is 
because the acid splitting of the dithiocarbamates proceeds with measurable 
velocity, most slowly in the case of zine dipropyldithiocarbamate. At least 
two titrations were made on each extract. When the analyses were carefully 
carried out, the results agreed within the limits of error of the method. The 
titration curves were consistently faultless when all necessary measures were 
taken. Small quantities of rubber components carried on into the extract 
evidently have no appreciable effect on them. 

That the acidimetric conductometric titration of the dithiocarbamate is not 
disturbed by the presence of thiuram disulfide has been shown by us'*. In 
order to be completely sure about this, however, in some experimental runs we 
have determined the zine at the same time by potentiometric titration with 
sodium hydroxide, after breaking down the dithiocarbamate with acid. Both 
potentiometric and conductometric titration generally proved to give good 
agreement between the calculated dithiocarbamate and that found, but the 
zine determination, especially in vuleanizates having short reaction times, 
gives slightly too high values. Nevertheless, there are practically no disere- 
pancies between the results of the two analyses provided the vuleanizates have 
been sufficiently thoroughly cured. The slightly too high dithiocarbamate 
analyses which are occasionally obtained with not sufficiently cured vuleanizates 
in the alkalimetric potentiometry of zine can be explained by the tendency of 
the thiuram disulfide to decompose in the presence of bases when the analyses 
are made on vulcanizates having short reaction times. (See below). In this 
case more sodium hydroxide is consumed than corresponds to the zine present. 
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Such discrepancies are naturally not observed in thoroughly cured vulcanizates, 
since these contain practically no residual thiuram disulfide. We may, there- 
fore, conclude that the conductometric titration of the extracts is capable of 
giving exactly within the limits of error of the method the amount of zinc di- 
thiocarbamate formed during the vulcanization. 

The quantitative determination of the thiuram disulfide proves to be some- 
what more complicated. It is, to be sure, quite possible, after destroying the 
dithiocarbamate with acid, to determine the thiuram disulfide in the same 
solution by conductometric titration with copper sulfate. Such analyses, 
however, no matter how carefully they are conducted, are bound to give false 
results because, under the conditions of the extraction, the thiuram disulfides 
will have become partially decomposed. 

We have convinced ourselves that the decomposition suffered by tetraethy|- 
and tetrapropyldithiuram disulfide during extraction can be prevented by 
extracting with boiling cyclohexane over a layer of dilute hydrochlorie acid. 
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Fic. 1.—Inerease of zine dithiocarbamate (in mole-per cent of the added thiuram disulfide) with time 
of vuleanization with tetramethylthiuram disulfide (extraction with boiling acetone). 


Any dithiocarbamate that is dissolved by the cyclohexane is immediately de- 
composed under these conditions. Zine chloride as well as the corresponding 
dialkylammonium chloride which form in the acid splitting of the dithiocar- 
bamate are taken up by the aqueous layer, whereas the thiuram disulfide re- 
mains in the cyclohexane. At the end of the extraction, the two strata are 
separated in a separatory funnel and the cyclohexane solution is prepared for 
analysis in the manner already described. The determination of the thiuram 
disulfide can then be carried out by conductometric titration with copper sulfate 
in the presence of hydroquinone or alternatively by the thiol method. 


EXPERIMENTAL RESULTS AND DISCUSSION 


For the sake of saving space, it is not expedient to include the whole body of 
experimental material in tabular form. This would hardly be worthwhile, for 
it can be shown that one does not arrive at any exact results by an analysis of 
extracts obtained with boiling solvents, whereas—and this point deserves to be 
stressed—the fundamental nature of thiuram vulcanization can be followed 
with quantitative accuracy. For this reason we shall merely present the results 
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Fie. 2 


Increase of the zine dithiocarbamate with time of vulcanization 
with tetraethylthiuram disulfide. 


in graphical form. We shall give the detailed results in a later paper. There 
we shall discuss studies which make possible a more exact understanding of the 
observed relationships. 

Figures |, 2, and 3 show the conversion vs. temperature curves for the three 
thiuram disulfides. The ordinate is the yield of zine dithiocarbamate in mole- 
per cent of the added thiuram disulfide. The abscissa gives the vulcanization 
time (reaction time) in minutes. As might be expected, we find that for equal 
vulcanization times the fraction in percentage of the thiuram converted increases 
with the temperature. It is apparent that the increase is regular. 

Now if, during the vulcanization, thermal decomposition of the thiuram di- 
sulfide occurred, it is hardly likely that such a clean-cut nesting of the curves 
would be found. Certainly it should in any case not be observed in the vul- 
canization of rubber with tetramethylthiuram disulfide, which is definitely the 
most thermally unstable of all the thiuram disulfides. From this we may con- 
clude that, in view of the clean-cut sequence of the conversion curves, the true 
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Fico. 3.—Inerease of the sine dithiocarbamate with time of vulcanization 
with tetrapropylthiuram disulfide. 
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vulcanization reaction is not accompanied by any appreciable thermal splitting 
of the thiuram disulfides. 

Comparison of Figures 1, 2, and 3 clearly shows the well known fact that 
the velocity of the vuleanization reaction decreases in the order: tetraethyl-, 
tetrapropylthiuram disulfide. The substituents attached to the nitrogen also 
have a pronounced influence on the reactivity of thiuram disulfides. However, 
they do not appear to affect the general slope of the curves, so that one can 
assume that they all react with rubber by a similar mechanism. 

The curves in Figures 1-3 show another fact which we consider remarkable. 
It is, of course, to be expected that all conversion curves tend to a limiting 
value. But—and this is shown especially clearly by the curves of Figure 3— 
it is evident that they do not tend toward a limiting value of 100 per cent, which 
means that a complete conversion of the thiuram disulfide to dithiocarbamate 
is certainly not reached in any case. However, the amount of zine dithiocar- 
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Fic, 4.--Curves for obtaining the limiting value of the yield of dithiocarbamate in the vulcanization 
with tetramethylthiuram disulfide Zine dithiocarbamate formed vs. the reciprocal of the vulcanization 
time 


bamate formed is considerable. At high temperatures and with longer times of 
vuleanization, conversions of over 60 per cent are observed. This confirms the 
fact that zine dithiocarbamate is the principal reaction product in thiuram 
vulcanization. 

What limiting value might be reached in each case cannot, of course, be 
found from the conversion curves of Figures 1, 2, and 3. Even the analysis of 
vuleanizates heated for very long times would not give this value with any 
certainty, since the curves approach it asymptotically, and the unavoidable 
analytical errors would no longer permit the exact determination of the eventu- 
ally only very slight changes in dithiocarbamate yield. The limiting value 
can be estimated, however, if the conversion is plotted against the reciprocal of 
the reaction time 1/t. Extrapolation of the curves thus obtained to 1/t = 0 
(t = ©) must, if it can be carried out, give the limiting value. Figures 4, 5, 
and 6 show these relationships. On the ordinates the logarithm of the con- 
centration of the dithiocarbamate is plotted in mole-per cent of the converted 
thiuram disulfide, The logarithm is used because, if the actual values are 
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Zine dithiocarbamate formed in the vulcanization with tetraethylthiuram 
disulfide vs. reciprocal of vulcanization time 


plotted, the curvature is at times so pronounced that extrapolation cannot be 
safely attempted. But, even with semilogarithm plots, the curves are in part 
more or less bent toward the abscissa (very markedly with tetrapropylthiuram 
disulfide and at low temperatures, Figure 6). At times, however, they are prac- 
tically straight lines (Figures 4 and 6, tetramethylthiuram disulfide, and at 
higher temperatures tetrapropylthiuram disulfide). Even with this method of 


plotting, extrapolation would encounter difficulties because of the curvature 
that still persists, were it not for the fact that the curves of each graph show that 
they all tend toward one and the same limiting value. This can be seen especi- 
ally clearly from Figures 4 and 6. Surprisingly enough, the limiting value is in 
every case independent of the temperature. Not only is independence of the 
limiting value of the temperature found, but, in addition, it turns out that it 
does not seem to depend on the particular constitution of the thiuram disulfide, 
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Fia. 6.—Zine dithiocarbamate formed in the vuleanization with tetrapropylithiuram 
isulfide vs. reciprocal of vuleanization time 
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nor—although this is not evident from the graphical representation—on its 
concentration in the rubber, provided that the changes in concentration are 
kept within bounds. Thus there is always found one and the same conversion 
of the thiuram disulfide to the zine dithiocarbamate. It amounts, according to 
our extrapolation, to about 66 per cent or 4. With this result we confirm what 
Jarrijon has already claimed in the case of the vulcanization with tetramethyl- 
thiuram disulfide, namely, that invariably practically the same proportion of 
the tetramethylthiuram disulfide goes over into zinc dimethyldithiocarbamate. 
Jarrijon gives the amount as 70 to 76 per cent. We, on the contrary, find the 
smaller value of 66 per cent, which, because of our more comprehensive results, 
we consider to be more probable as long as the question of its dependence on 
concentration has not been unambiguously cleared up by us. Moreover, we 
show that this constant finite conversion is reached not only with tetramethyl- 
thiuram disulfide but also with its adjacent higher homologs. 

We thus arrive at the first result, which is as follows. In the vulcanization 
of natural rubber by tetraalkylthiuram disulfides in the presence of an excess 
of zine oxide, the principal reaction product is always zinc dialkyldithiocarba- 
mate, and the maximum attainable conversion to zinc dialkyldithiocarbamate 
of each tetralkylthiuram disulfide in the vulcanization of rubber is 66 per cent 
and this is independent of the temperature and the amount present. 

Without at this time discussing the question of what becomes of the rest of 
the thiuram disulfide, there is already, in our opinion, a further conclusion that 
can be drawn from this result. 

It has already been pointed out that it is improbable that any of the thiuram 
disulfides experience thermal splitting under the conditions prevailing during 
vulcanization. The fact that the conversion of the thiuram disulfides is inde- 
pendent of both the temperature and the constitution of the particular thiuram 
disulfide now seems positively to exclude thermal decomposition. For if we 
were to suppose that, accompanying the direct reaction of the rubber with the 
thiuram disulfide, there also occurred a thermal splitting which could finally 
result in the formation of tetralkylthiourea, carbon disulfide, and sulfur, then 
we would have two competing reactions to discuss, even without considering 
the different energies of activation. Thus the temperature-independent con- 
version of the thiuram disulfides to dithiocarbamate could hardly be found. 

Finally, under these assumptions, the conversion would also depend on the 
constitutions of the thiuram disulfides, for without doubt their thermal stability 
is different. Now, since it is apparent that thiuram disulfides, although very 
sensitive to the influence of high temperatures, nevertheless do not undergo 
any decomposition, we are led provisionally to the assumption that they react 
relatively rapidly with the rubber and form with it a reaction product that rep- 
resents a preliminary stage of the actual vulcanization (cross-linking of the 
molecular chains). According to this mechanism, the formation of zine dithio- 
carbamate could also be the slower reaction, and this would determine the 
speed of the actual vulcanization process. 

In our opinion these considerations show, among other things, that the 
experimental results can, in general, be understood only if one assumes that, 
as far as the formation of the dithiocarbamate is concerned, there is a single, 
self-contained reaction path. 

Further insight into the vulcanization reaction of thiuram disulfides can be 
gained if the amount of free thiuram disulfide still present at different stages in 
the individual vulcanizates is determined quantitatively in the manner de- 
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scribed. In Figure 7 results are shown which are derived from anaiyses of 
several series of experiments with tetrapropylthiuram disulfide. The ordinates 
are the proportions of disulfide in mole-per cent still present, the abscissa gives 
the vulcanization time in minutes. 

It is easy to see that the thiuram concentration in the rubber falls off rapidly 
with time and approaches a limiting value asymptotically. This shows, more- 
over, that no equilibrium prevails between thiuram disulfide, rubber, and di- 
thiocarbamate. Note that, even at the lowest of the vulcanization tempera- 
tures chosen (120° C), the drop in thiuram concentration is still quite steep. 
This temperature is not capable of effecting any significant decomposition of 
tetrapropylthiuram disulfide, which our experiences have shown to be relatively 
stable. It must, therefore, be concluded that the curves of Figure 7 represent 
the reaction of the rubber with the disulfide. 
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Fia, 7.— Decrease of tetrapropylthiuram disulfide (in mole-per cent) with the vuleanization time at different 
temperatures. Results of extraction with boiling cyclohexane over a substratum of dilute HCI, 


Comparison of Figures 3 and 7 brings out the following fact. After a 
vulcanization time of 60 minutes at 120° C, 21 per cent of the tetrapropy!- 
thiuram disulfide has been converted into zine dithiocarbamate, and 21.5 per 
cent remains uncombined in the rubber, so that, provided no other transforma- 
tions have taken place, in all about 78.5 per cent of the disulfide has entered 
into reaction with the rubber during this time, and of this, 21 per cent has gone 
over into zine dithiocarbamate. After 160 minutes at the same temperature, 
only 10 percent of free thiuram disulfide is still found. Therefore 90 per cent of 
the disulfide has interacted with the rubber. At the same time, however, the 
zine dithiocarbamate content of the vulcanizate has only risen to 26 per cent; 
that is, it has attained only half of its limiting value of 66 per cent. Even 
when practically no disulfide can be still demonstrated to be present in the 
vulcanizates the concentration of the zine dithiocarbamate has still not reached 
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ite maximum value. Such considerations can be multiplied. They seem to 
confirm the supposition expressed above that the thiuram disulfide interacts 
relatively fast with rubber. In any case it looks as if the thiuram disulfide 
reacts with the rubber more rapidly than its assumed and relatively unknown 
reaction product with rubber, dithiocarbamic acid, and therefore forms zinc 
dithiocarbamate. 

Results like those reported here are in and of themselves capable of giving 
an insight into the kinetics of the thiuram vulcanization. It should, therefore, 
be possible to obtain the order of the reaction as wel] as the velocity constants 
and, finally, from the temperature dependence of the velocity constants, the 
activation energies of the two reactions, which are now distinguishable from 
each other, namely, the formation of the zine dialkyldithiocarbamate and the 
conversion of the thiuram disulfide with the rubber. This latter manifests 
itself clearly by the decrease of the thiuram concentration. We must point out 
here that the experimental results, as they are derived from the analyses of the 
extracts obtained by treatment of the vulcanizates with boiling solvents, are 
admittedly not capable of laying the basis for a discussion of the kinetics of 
thiuram vulcanization. This is shown by observations stated below. 

First, it should be pointed out that the analyses for zinc thiocarbamates in 
vulcanizates of short reaction times give at times strikingly high values (for 
example, see the conversion curves for 120° C and 130° C in Figure 3), so that 
it is not at all possible to bring them into agreement with the analyses of vul- 
canizates of longer reaction times; that is, the points on the conversion curves 
cannot always be connected in a manner free of objections to form a closed arc. 
From this fact we have already concluded that vulcanization during the hot 
extraction is possibly still proceeding at a slow rate, so that if the extraction 
times are not always precisely equal, then in such cases irregularities must of 
necessity appear. In any case, however, we must take into account the fact 
that yields of dithiocarbamate, particularly with vulcanizates of short reaction 
times, are too high, while on the other hand this error must become smaller and 
smaller the more the vulcanization time is prolonged. We were able to assure 
ourselves of the correctness of this concept of the state of affairs in the course 
of the investigation of the order of the reaction of the change of concentration 
of the tetrapropylthiuram disulfide shown in Figure7. Although not especially 
demonstrated here, it looks as if in this case the drop in the thiuram concentra- 
tion with time, at any rate over a rather wide interval of the vulcanization, is a 
reaction of the first order. We also found, however, that when the analytical 
results were plotted in a manner corresponding to the existence of a reaction of 
the first order (still a straight line in the initial portion), extrapolation to a 
reaction time t = 0 gave smaller values than 100 per cent for the original con- 
centration of the thiuram disulfide. That appears to indicate a higher con- 
version during part of the time. The amount of thiuram disulfide found is too 
low, 

In a later publication we shall describe how we arrived at results which 
justify our discussion of the question of the kinetics of thiuram vulcanization. 
One can see how careful one must be in evaluating investigations in which the 
extraction of the vuleanizates with boiling solvents has been performed. In 
the past, this may not have been sufficiently taken into account. In connection 
with thiuram vulcanization, the hot extraction affects, however, only the exact- 
ness of the results, but not the validity of the fundamental insights obtained in 
the course of this investigation. Thus for example, the limiting value of the 
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yield of zine dithiocarbamate, which in our case consistently amounted to 66 
per cent of the thiuram disulfide originally added, is completely unaltered by the 
circumstances. 

In conclusion, if any generalizations are to be made with regard to the 
question of what has become of the thiuram disulfide not accounted for (this 
amounts to one third of the original quantity) it should first of all be noted 
that our investigations have given no evidence whatever of the formation of 
thiuram monosulfide. We can, therefore, not share the prevailing opinion that 
thiuram monosulfide is formed in thiuram vulcanization, but can instead sup- 
port the results of the investigation of Jarrijon, according to which thiuram 
monosulfide either is not formed at al! or in, at most, quantities of decidedly 
minor order. Thus one arrives at the conclusion that zine dithiocarbamate 
very probably is the sole reaction product of thiuram vulcanization. It may, 
therefore, also be supposed that the portion of the thiuram disulfide which has 
not gone over into zine dithiocarbamate remains in the vulcanizate attached 
to the rubber in some, as yet unknown, manner. In fact, Jarrijon has already 
pointed out that rubber compounds vuleanized with tetramethylthiuram di- 
sulfide contain sulfur, and this fits. With regard to results of systematic 
quantitative analyses of the sulfur in extracted thiuram vulcanizates we cannot 
at present report, and therefore cannot take a definite position with respect to 
this question. Yet it is proper to mention that, on the strength of exploratory 
studies, the sulfur content in extracted vuleanizates of short reaction times is 
definitely higher than in those which have been subjected for a long time to the 
particular reaction temperatures. This again indicates that vulcanization by 
thiuram disulfide presumably cannot depend on «a cross-linking of the chain 
molecules by sulfur, for in this case the ftrmly bound sulfur of the vulcanizate 
should not decrease in amount with time of vulcanization but should increase. 
Now if no other reactions take place than those shown to be likely by this in- 
vestigation, then the sum of the free sulfur, the sulfur converted to dithiocar- 
bamate, and that in the thiuram disulfide firmly bound in the rubber (calculated 
from the sulfur content of the vulcanizate after extraction) should amount to 
100 per cent. We whall report on this at a later time. 


SUMMARY 


The present paper, which is concerned with the clarification of the mechanism 
of thiuram vulcanization, although the studies are still in progress, nevertheless 
leads us to the following fundamental facts. 

1. In the vulcanization of natural rubber by thiuram disulfides in the pres- 
ence of excess zine oxide, the zine dialkyldithiocarbamate at any stage is the 
principal, and probably even the sole, reaction product that can be extracted 
with organic solvents. 

2. There are no experimental proofs that make probable the presence of 
thiuram monosulfide in the extracts. 

3. The maximum attainable conversion in vulcanization of any particular 
tetralkylthiuram disulfide to the corresponding zine dialkyldithiocarbamate 
amounts to about 66 per cent, and this is independent of the temperature. 

4. The maximum conversion of the thiuram disulfide is practically inde- 
pendent of its concentration in the rubber, provided that the differences in the 
concentrations involved are not excessive. 

5. The extracts of thiuram vulcanizates contain free thiuram disulfide in 
addition to the zine dithiocarbamate. The concentration of the thiuram di- 
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sulfide decreases rapidly with the time of vulcanization and approaches zero 
asymptotically. This is exemplified by the results with tetrapropylthiuram 
disulfide. 

6. It is shown to be probable that the vulcanization continues to proceed 
slowly during extraction of the vulcanizate with boiling solvents, so that the 
analytical results of the hot extracts are not such as to throw light on the 
kinetics of thiuram vulcanization. 

7. The decrease of concentration of the free thiuram disulfide in the vul- 
canizates evidently takes place more rapidly than the formation of the zinc 
dithiocarbamate. It is, therefore, probable that the vulcanization of rubber 
by thiuram disulfides can be separated into two partial processes. There is a 
rapid reaction of the rubber with the thiuram disulfide, which is presumably 
“‘vuleanization-inert’’, and there is an additional, slower reaction which involves 
a splitting off of dithiocarbamic acid from a reaction product between rubber 
and thiuram disulfide and which leads to the vulcanization. 

8. All exhaustively extracted vulcanizates contain sulfur. Apparently the 
sulfur content in vuleanizates of short reaction times is greater than in those of 
longer periods of vulcanization. 

The formation of the zine dithiocarbamate as sole reaction product in 
the thiuram vulcanization can hardly be explained otherwise than as a dehydro- 
genation of the rubber, concerning the mechanism of which we still know, to be 
sure, searcely anything. It is reasonable to conceive of a reaction of the di- 
sulfides with the a-methyl groups, in which chain radicals may be formed 
which give rise to cross-linking over C—C bonds. 

The investigations are being continued and a further communication will 
appear in the near future. 
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VULCANIZATION WITH THIURAM DISULFIDES 


Il. VULCANIZATION OF NATURAL RUBBER 
WITH THIURAM DISULFIDES 


PART 2 
STATEMENT OF THE PROBLEM 


In a recently published paper’ we reported on a number of basic conclusions 
which could be drawn from the results of analytical investigations of the con- 
version of materials in the vuleanization of natural rubber by thiuram disul- 
fides. 

The principal, if not the sole, reaction product, was generally a dialkyldi- 
thiocarbamic acid, which combines with the zine oxide, present in all the 
formulations, to form zine dithiocarbamate. If this were not the case, there 
would be further decomposition and the course of the reaction involved in this 
process would presumably be complicated?. The maximum yield of zine di- 
thiocarbamate was practically independent of the temperature of vulcanization 
as well as of the particular constitution of the thiuram disulfide. In our ex- 
periment, it amounted to about 66 per cent in every case. According to our 
experience so far, the yield cannot vary significantly with the concentration of 
the thiuram disulfide in the rubber, specifically, for example, when the amount 
of thiuram disulfide is doubled. Tetraalkylthiuram monosulfides could not be 
found in the extracts of the vulcanizates. All the results appeared to indicate 
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Comparative results obtained by hot extraction with acetone (h) and by cold extrac- 
tion with ethyl acetate (c). The data on the thiuram disulfide and zinc dithiocarbamate 
are in mole-per cent of the initial thiuram disulfide. 

120° C 130° C 
Mole-% Mole-% Mole-% Mole-% Mole-% Mole-% Mole-% Mole-% 

Cure thiuram ZnDTC Cure thiuram ZnDTC ZaDTC Cure thiuram ZnDTC ZnDTC 

(min.) (ec) (ce) (min.) (c) (ce) (A) (min.) (e) (ce) (A) 

30 16.8 37.3 19.1 34.5 
40 24.2 36.2 27.2 33.2 
50 26.3 39.7 33.9 37.3 
60 30.8 32.7 43.5 47.8 
80 9, 39.2 39.6 49.3 51.0 
100 428 43.6 (46.9) 55.3 
150 . 
200 
300 


50.8 51.7 54.1 
54.3 55.5 57.1 59.2 
— 59.4 62.1 64.6 
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thiuram ZnaDTC ZnDTC Cure thiuram Za DTC ZnDTC 
(c) th) (min.) ( (e) 
15.2 33. 10 9. 25.1 34.9 

15 34.3 41.4 
20 45.4 
30 j 


15 
140° C 150° ¢ 
Cure 
(min.) 
10 
15 
20 
30 
40 6.7 42.7 49.6 40 54.8 55.0 e 
4.7 52.5 654.7 60 57.1 58.3 
100 26 582 590 100 61.5 62.1 2 
150 23 616 62.3 150 65.7 63.7 ae 
200 «1.9 62.2 62.3 
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VULCANIZATION OF NatuRAL Rupper with TeTRAgTHYLTHIURAM DIsULFIDE 
Comparative results obtained by hot extraction with acetone (h) and by cold extrac- 
tion with ethyl acetate (c). The data on the thiuram disulfide and zinc dithiocarbamate 
are in mole-per cent of the initial thiuram disulfide. 


120° © 130° C 140° C 
- 


Mole-% Mole-% Mole-% Mole-% Mole-% Mole-% Moile-% 
Cure thiuram Cure thiuram thiuram ZnDTC ZnDTC 
(min.) (e) (min.) (c) (min.) (ec) (A) 


40 9.4 54.9 12.8 14.2 
40 WO5 K 42.8 22.1 34.7 17.7 
OO : 31.4 24.4 . 25.5 
80 36. 25.2 27.8 32.6 
100 20.0 $1.1 3.4 36.7 
120 y 14.1 36.2 42.1 
160 34.4 11.7 40.4 of 47.1 
200 36.7 9.6 43.2 52.9 
240 9.0 47.1 55.8 
8.0 48.8 ; 58.4 
150° C 

Mole-% Mole-% Mole-% 

Cure thiuram ZnaDT ZnDTC 

(min.} (h) 


18.8 
26.8 
34.0 
37.3 
41.2 
47.1 
47.0 
56.8 


that thiuram disulfides are hydrogenated by the rubber and are converted to 
dithiocarbamic acid. The chain radicals of polyisoprene which are then 
formed combine with the product of the cross-linking of the molecular chains 
through C—C bonds. Tetramethylthiuram disulfide reacts significantly 
faster with rubber than do its next higher homologs. All thiuram disulfides, 
however, enter into complete conversion with the rubber, i.e., the thiuram con- 
centration falls progressively with increasing time of vulcanization to zero. 
Two reactions can be clearly distinguished. First, the thiuram disulfides react 
with the rubber to form an intermediate product with the allyl systems. This 
reaction is presumably “‘vuleanization indifferent’. In a process which takes 
place more slowly, dithiocarbamie acid is split out as an intermediate product. 
Here the detailed steps are not definitely known. This reaction represents the 
actual vulcanization. 

In the previous paper we pointed out that the analyses of extracts made by 
the use of boiling solvents are certainly not exact, and attributed this pro- 
visionally to a progressive continuation of both reactions during the “‘hot”’ 
extraction. Since we considered it very important to obtain results which can 
form a basis for a discussion of the order of the reaction, both of the decrease of 
the concentration of the thiuram disulfides and of the increase of the concen- 
tration of the zinc dithiocarbamates during vulcanization, we have repeated 
the whole investigation and carried out the extraction of the thiuram vulcani- 
zates with acetic acid at room temperature. It was found by experience that, 
under these conditions, it takes 5 to 6 days. The quantitative determination 
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: 10 56.6 16.4 
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100 5.0 59.0 
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of thiuram disulfide and zine dithiocarbamate in the extract, which was again 
carried out by the conductometric titration procedure developed by us, turns 
out to be simpler with this treatment of the vulcanizates. This is especially 
true in the case of the thiuram determination, which can now be carried out 
directly after the conductometric titration of the dithiocarbamate with acid 
in the same solution. 


EXPERIMENTAL RESULTS 


In Tables 1, 2, and 3 the analytical results of the hot and cold extracts are 
compared. 

It is found that the extraction with boiling solvents does indeed, especially 
for short vulcanization times, give greater yields of zine dithiocarbamate and 
consequently less thiuram disulfide than the cold extraction. This is especially 

TABLE 3 
VULCANIZATION OF Natural Rupper with DisvLripe 

Comparative results obtained by hot extraction with acetone (h) and by cold 
extraction with ethyl acetate (c). The data on the thiuram disulfide and zine dithio- 
carbamate are in mole-per cent of the initial thiuram disulfide. 
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1. —Increase of concentration of zine dithiocarbamate (in mole-per cent of initial thiuram 
disulfide) vs. vuleanization time. With tetramethylthiuram disulfide 


pronounced in the vulcanization of rubber with tetramethylthiuram disulfide. 
It is also noted, however, that the differences become progressively less with 
longer times of vulcanization, and finally even vanish. Without doubt the 
results obtained by the analysis of the cold extracts are the correct ones. 


Figures | through 3 show the conversion curves, namely, the increase with 
time of the concentration of the zinc dithiocarbamate during the vulcanization 
at different temperatures for all three thiuram disulfides. The individual 
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Fia. 2.—Increase of concentration of zine dithiocarbamate (in mole-per cent of initial thiuran 
disulfide) vs. vuleanization time. With tetraethylthiuram disulfide. 
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Fic. 3.—Increase of concentration of zine dithiocarbamate (in mole-per cent of initial thiuram 
disulfide) vs. vulcanization time. With tetrapropylthiuram disulfide 


points can now be much more easily joined to give a continuous curve, and the 
slope of the curves in the region of shorter vulcanization times is not so steep. 

Figures 4 through 6 show the decrease of concentration of the thiuram di- 
sulfides with the vulcanization time. Even in the case of the extremely sen- 
sitive tetramethylthiuram disulfide, the relationships can now be studied 
(Figure 4). The drop in concentration is steeper for the methyl! derivative 


than for the ethyl derivative. This in turn reacts faster than tetrapropyl- 
thiuram disulfide. It can be seen that, with long vulcanization times, the 
thiuram concentration shows only very slight changes. The curves give one 
the impression that they approach the abscissa extremely slowly (decrease to 
zero), 80 that one could suppose the reaction to come to a complete standstill- 
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Fic. 4. Decrease of concentration of tetramethylthiuram disulfide vs, vuleanization time 
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Fig. 5.--Deecrease of concentration of tetraethylthiuram disulfide v«. vuleanization time 


Figures 7 through 9, in which the log of the yield (mole-per cent) of the di. 
thiocarbamate is plotted as a function of the reciprocal of the vulcanization 
time, show that the cold extraction does not change the molar conversion of the 
thiuram disulfides to the zine dithiocarbamate. This is always the same, i.e., 
practically independent of the temperature and of the constitution of the 
thiuram disulfide. Although the curves are somewhat wavy in parts, it is 
unmistakable that they all converge in the ordinate at practically the same 
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Fia. Decrease of concentration of tetrapropylthiuram disulfide vs, vulcanization time. 
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Kia. 7.—Showing the limiting value of the yield of dithiocarbamate 
with tetramethylthiuram disulfide 


molar conversion, namely, again at about 66 per cent. In order to remove all 
doubt as to the thermal stability of the thiuram disulfides under the conditions 
of the vulcanization, we have carried out a series of experiments with tetra- 
methylthiuram disulfide at 87° C. Any thermal splitting of this disulfide at 
this temperature is practically excluded‘. It can be seen that the conversion 
curve for 87° C (Figure 7) fits very well into the general picture, It rises 
steeply (long reaction time, small values for 1/t) and then merges into the 
ordinate. 


THE KINETICS OF THIURAM VULCANIZATION 


It has already been pointed out that one may assume that the thiuram di- 
sulfides first react with the allyl systems in the polyisoprene chains by a high- 
velocity reaction, and form with these an intermediate product that represents 
an initial stage of the vulcanization reaction. Now in considering what in- 
formation in general can be obtained from a kinetic investigation of the above 
case, it is not necessary to have exact knowledge of how the thiuram disulfides 
are bound by the allyl system. If one assumes, for example, that the thiuram 
disulfides enter into the reaction in the form of their radicals Ry==N-—C(S)-—S* 
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Fic. 8.—Showing the limiting value of the yield of dithiocarbamate 
with tetraethylthiuram disulfide 
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and that the decomposition into radicals is the slower process, and therefore the 
one which determines the velocity, then one will expect a monomolecular reac- 
tion. If this is not the case, however, that is, if the reaction of the radicals 
with the allyl groups is the slower process, then the reaction must be a bimolecu- 
lar one. Nevertheless, the process as a whole may be of the first order, since 
the concentration of the thiuram disulfides (throughout our experiments 0.1 
millimole per gram of rubber) is much lower than that of the allyl groups. 
Even if one gives up the idea of a splitting of the thiuram disulfides as a pre- 
liminary stage of the reaction and, instead, postulates a direct interaction of the 
thiuram disulfides with the allyl system, one may expect that the reaction which 
per se is a bimolecular one, will manifest itself again as one of the first order 
(pseudo-monomolecular) because of the extreme discrepancy between the con- 
centration of the reaction partners used in our studies. Therefore one may also 
assume that the decrease of the thiuram concentration in the rubber with in- 
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Fie. 9.—-Showing the limiting value of the yield of dithiocarbamate 
with tetrapropylthiuram disulfide. 


creasing vulcanization time will satisfy the equation for a conversion of the 
first order: 
In(a —~z) =—k-t+Ina (1) 


For the case discussed above, in (1) a is the initial concentration of the 
thiuram disulfide (100 mole-per cent), z the amount of disulfide converted at 
time ¢, ¢ the reaction time in minutes, and k the reaction velocity constant. 
Since the analyses always give the amount of thiuram disulfide still present in 
the rubber at time ¢, the experiment gives directly (a — x). The amount of 
thiuram disulfide still present at any time must, therefore, according to our 
assumptions, be a decreasing linear function of the time, whose intersection 
with the ordinates (2 = O and t = 0) gives the initial concentration (log a = 2 
in mole-per cent). 

In Figures 10 through 12, the concentration of free thiuram disulfide (in 
mole-per cent) found for each vulcanization time is plotted against the reaction 
time. It is seen that the curves for each figure come together in the ordinate 
100 per cent. This is a consequence of the correspondence now established by 
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. 10.—Kineties of the decrease of thiuram concentration with time 
of vuleanization. Tetramethylthiuram disulfide 


the cold extraction between conversion and reaction time. The general char- 
acter of the curves is in all cases similar. The higher the temperature, the more 
rapidly the curves fall off, and in this respect a difference can be recognized 
between the three thiuram disulfides. The decrease is steepest with tetra- 
methylthiuram disulfide; it is already less pronounced with tetraethylthiuram 


disulfide. As already pointed out, the tetrapropylthiuram disulfide reacts the 
most slowly. This is not very clearly seen by comparing Figure 12 with Figures 
10 and 11, since the scale along the abscissa in Figure 12 is smaller than in the 
other two. 
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. 11.—Kineties of the decrease of thiuram concentration with time 
of vuleanization. Tetraethylithiuram disulfide. 
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It is now seen that straight lines can be drawn through the points in the 
region of relatively still smaller vulcanization times. This shows up especially 
clearly in the curves for lower temperatures. In general, however, the curves 
depart from linearity, and this departure from a straight line is displaced to- 
ward longer and longer reaction times with decreasing vulcanization tempera- 
ture in all three cases. The reaction of thiuram disulfides with rubber is thus 
certainly a first-order reaction, and this is true in practically all cases over a 
50 per cent conversion. In regions of longer reaction times, that is toward the 
end of the reaction, it proceeds more slowly, to be sure, than corresponds to a 
first-order reaction. The relationships are thus a little more complex than was 
expected. It is worthwhile to try to account for this. 

We believe that the thiuram disulfides are already actually dissolved at the 
temperature (50° C) of mixing of the rubber. That they are in any case in 
solution at the vulcanization temperature, or at least are not present in crystal- 
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Vic. 12.-- Kineties of the decrease of thiuram concentration with time 
of vuleanization. Tetrapropylthiuram disulfide. 


line form, can hardly be doubted. If this were not so, then we should certainly 
expect the decrease in the thiuram concentration with the time of vulcanization 
to be a reaction of zero order (dz/dt = a-constant). We can, therefore, postu- 
late that the distribution of the molecules of the thiuram disulfide is a completely 
random one, that is, statistically such that its concentration is, on the average, 
everywhere the same. Now the reaction proceeds in a very viscous medium in 
which the diffusion of the molecules can be considerably hindered by the high 
internal friction. Moreover, during the course of the reaction, it is not possible 
to effect a simultaneous mixing of the reacting mass, as is not only customary in 
other reaction kinetic studies, but, indeed, necessary standard practice. If 
now, the reaction velocity is greater than the rate of diffusion, we must, in the 
above example, reckon with a degeneration of the fundamental reaction process. 
We are led to believe that this is the case here. 

One may picture a mechanism in which, at the beginning of the reaction, a 
number of molecules or radicals of the thiuram disulfide are in an arrangement 
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(“constellation”) favorable to conversion. Other molecules or radicals, how- 
ever, must first arrive at this state by diffusion, the more so since the longer the 
reaction has been in progress, the more frequently they will encounter ally! 
systems which have already reacted. This seems to us the explanation of the 
fact that the reaction is initially of the first order, but toward the end, depar- 
tures from this are observed and it becomes slower. One can, perhaps say, 
that the molecules or radicals of the thiuram disulfide are not ‘“‘supplied’’ fast 
enough to maintain a conversion like that given by a reaction that proceeds 
initially as one of the first order. Now, since the molecules of the thiuram di- 
sulfides in the rubber that are still not converted are still free to move, they will 
eventually all interact with the rubber. However, this process will become 
slower at the longer vulcanization times, because diffusion becomes the factor 
that determines the velocity of the reaction. The effect of this is to make the 
curves drop off considerably more slowly to zero concentration than a first-order 
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Fic. 13.-—Kineties of the decrease of the thiuram concentration (1), and increase of dithiocarbamate 
concentration with time of vuleanization (11). Tetramethylthiuram disulfide at 87° C. 


reaction demands. We find support for this view in the fact that the conver- 
sion of tetramethylthiuram disulfide at 87° C (curve 1 in Figure 13) is of the 
first order over the whole range of reaction times. In this case we must con- 
clude that the reaction of the thiuram disulfide with the allyl system in the 
polyisoprene is what determines the velocity during the entire course of the 
reaction; in other words, at this temperature the diffusion can always keep up 
with the conversion, because this occurs much more slowly than at the higher 
temperatures. A somewhat similar effect is observed in the kinetics of the 
formation of dithiocarbamate’ (Figures 14 through 16). Here too it is to be 
noted that, after the initial course of the reaction, which is of the first order, 
departures from it occur in the region of longer reaction times. These rela- 
tionships can be explained on the basis of the same considerations as those 
developed to account for the decrease of the thiuram concentration. The di- 
thiocarbamate formation at 87° C is, likewise, a reaction of the first order over 
the whole range of the particular times of vulcanization (Curve II in Figure 13). 
It can now be seen very well (Figure 13) that the formation of dithiocarbamate 
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Fic. 14. Kinetics of dithiocarbamate formation during vulcanization. 
Tetramethylithiuram disulfide. 


(actual vuleanization) proceeds appreciably slower than the reaction of the 
rubber with the free thiuram disulfide (the preliminary stage of the vulcaniza- 
tion). 

The above considerations also provide a basis for a discussion of the con- 
sistently equal molar conversion of the disulfides to zine dithiocarbamate. 
This is practically independent of the temperature and of the particular con- 
stitution of the thiuram disulfides. To this end let us now postulate that the 
atom groupings of the allyl systems which have reacted with thiuram disulfide 
and which are distributed statistically over the chain molecules of the polyiso- 
prene will react with residual ally! groups of other chain molecules (intermolecu- 
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. 15.— Kinetics of dithiocarbamate formation during vuleanization 
Tetraethyithiuram disulfide. 
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lar) or those of the same chain molecules (intramolecular). For this conver- 
sion, a8 new considerations show, the mobility of the chain segments is impor- 
tant, that is, the micro-Brownian movement. This is so because each thiuram 
disulfide which has reacted with the rubber and is, therefore, no longer free but 
firmly attached to discrete positions in the chain molecule, is able to change its 
position only to the extent permitted by the micro-Brownian movement. This 
would mean, however, a considerable reduction, when compared with the free 
molecules of the thiuram disulfide, of the configurations favorable to further 
conversion. The change of position of firmly bound thiuram disulfide, that is, 
at the same time the change of position of the allyl groups of a polyisoprene 
chain to which they are bound, must be considered to be restricted, and it 
would, moreover, be decreased if at positions of cross-linking. The final out- 
come would then be that individual allyl groups saturated by thiuram disulfide 
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Fie. 16.~-Kineties of dithiocarbamate formation during vulcanization. 
Tetrapropylthiuram disulfide 


can no longer enter into reaction (the vulcanizates contain firmly bound sulfur), 
because they no longer encounter in their environment any free allyl groups in a 
configuration favorable to the reaction. The reaction will be arrested because 
of steric hindrance. If it were not for this, it could proceed to eventual com- 
plete conversion of all the thiuram disulfide to zinc dithiocarbamate, since this 
is possible according to the basic chemistry. 

In this way it is possible to account for the practically constant conversion 
of thiuram disulfides to dithiocarbamate, which at any given thiuram concen- 
tration is also a sterically hindered reaction which is independent of the tem- 
perature. It is evident that it cannot be brought into direct correspondence 
with the chemistry of the vuleanization reaction, but rather can be explained 
by considering the inner structure of the polyisoprene (i.e., as a micromolecular, 
felt-like structure). If our concept is correct, however, then as a consequence 
the final yield of dithiocarbamate must be somewhat dependent on the con- 
centration. Studies of this point are under way. 
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If Jarrijon’s work* on thiuram vuleanization is referred to, it will be noted 
that our kinetic studies of the reaction of rubber with thiuram disulfides lead to 
the same interpretation as those stated by Jarrijon. He characterized the 
vulcanization of rubber with tetramethylthiuram disulfide as a reaction that 
“proceeds statistically’, an idea which we have undertaken in this paper to 
interpret more in detail on the basis of our quantitative results. We have 
expounded our ideas at some length because we are convinced that we shall 
encounter similar relationships in the investigation of other vulcanization 
reactions. Our interpretation can hardly be expected to be unconditionally 
correct, but provisionally we believe all the experimental material supports it. 
These investigations are being continued. 


SUMMARY 


This paper gives some insight into the kinetics of thiuram vulcanization. 
The following results were obtained. 

1. The decrease of concentration of thiuram disulfides during vulcanization 
is a first-order reaction in the range of short vulcanization times. At longer 
reaction times, departures occur. The process then takes place more slowly. 

2. The departures from the course of a first-order reaction are displaced 
with decreasing temperature toward the range of longer vulcanization times. 

3. At 87° C, the reaction of tetramethylthiuram disulfide is of the first order 
over the whole range of vulcanization temperatures chosen, and at this tem- 
perature no deviations whatever are observed. 

4. The same relationships are found in the kinetic study of dithiocarbamate 
formation. 

5. From the combined results, it is concluded that, besides the two reac- 
tions oecurring independently of each other during vulcanization, the diffusion 
of the reaction partners also has some influence on the kinetics. 

6. The limiting value of dithiocarbamate formation is correlated with the 
macromolecular structure of the polyisoprene, and it is shown to be probable 
that this limit is not determined fundamentally by the chemistry of the vul- 
canization reaction. 
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III. VULCANIZATION OF NATURAL RUBBER 
WITH THIURAM DISULFIDES 


PART 3 
THE ENERGY RELATIONSHIPS IN THIURAM VULCANIZATION 


The specific purpose of this paper is to amplify and complete Part II of our 
series on ‘‘The Vulcanization of Natural Rubber with Thiuram Disulfides’’, in 
which the kinetics of the material conversion of this vuleanization reaction was 
treated'. Although kinetic analyses of the course of reactions do not always 
furnish the key to their complete understanding, they do, in general, make it 
possible to characterize the basic chemistry involved and to mark out the frame- 
work within which discussions of details are to be contained. This has proved 
to be true in the study of the kinetics of thiuram vulcanization. 

It turned out that the experiments indicated that two reactions must be 
distinguished. One is an interaction of the thiuram disulfides with the ally! 
units of the polyisoprene. This one is presumably “vulcanization indifferent”’. 
The other is the splitting off of dithiocarbamic acid from the reaction product 
of the thiuram disulfides with the allyl groups. This leads to actual vuleaniza- 
tion. The first of the two reactions takes place more rapidly than the second 
The kinetic analysis thus requires the assumption of an intermediate product in 
thiuram vulcanization, about the constitution of which, to be sure, we cannot 
make any clear statement. Both reactions are of the first order up to a con- 
version considerably in excess of 50 per cent*. Finally, however, they proceed 
considerably more slowly than would be required by the process which at first 
proceeds according to a first-order rate. This was attributed to limited diffu- 
sion of the reaction partners in the highly viscous medium ‘rubber’. This 
concept was confirmed by the fact that, at lower temperatures, both reactions 
are of the first order over the whole range of the vulcanization temperatures 
chosen for observation. It is reasonable to interpret this with the assumption 
that from this point on the diffusion occurs more rapidly than the reaction itself, 
The concentration of those molecules of thiuram disulfide which can still move 
freely in the rubber decreases progressively with the time of vulcanization, and 
in the completely reacted vulcanizates there is practically no residual thiuram 
disulfide. This indicates that all the thiuram disulfide enters into reaction 
with the rubber. The concentration of the dithiocarbamate formed during the 
course of the vulcanization, however, attains a limiting value that is indepen- 
dent of the temperature and the particular constitution of the thiuram disulfide. 
This limiting value is less than 100 per cent (calculated on the amount of thi- 
uram disulfide added) and amounted to about 66 per cent in our experiments. 
This result shows especially clearly that we are dealing with two reactions, and 
leads to the conclusion that not all the allyl units of bound thiuram disulfide 
contribute to the cross-linking of the filamentary molecules. Instead, the 
actual vuleanization reaction finally comes to a stop because of steric hind- 
rance. This finds its explanation in the macromolecular structure of the rub- 
ber. The vulcanization itself must thus depend on a dehydrogenation of the 
rubber (production of dithiocarbamiec acid). The chain radicals formed com- 
bine so that a cross-linking of the filamentary molecules through C-——C bonds 
results. In the light of this interpretation, there are many analogies between 
the reaction of thiuram disulfides and that of tert.-butyl peroxide with rubber 
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TABLE 1 


Rare Constants or THE ReacTion or TETRAMETHYLTHIURAM DISULFIDE 
with Natural Rupper (krp) AND OF THE FORMATION OF THE 


Cure 
(min.) 
360 
600 
900 
1080 
1260 
1500 
1800 
2400 


87° 


krp. 10 


1.44 
1.45 
1.42 
1.44 
1.41 
1.50 
1.43 
(1.36) 


DIMETHYLDITHIOCARBAMATE (kpc) 


Cure 


kpc. 


6.83 
6.98 
6.08 
6.35 
6.53 
6.29 
6.27 
(5.77) 
140° C 


(min.) 


krp. 10? 
2.93 
3.17 
3.10 
3.10 
2.95 
2.55 

(1.92) 

(1.48) 


kpo.10* 
0.97 
1.12 
1.00 
1.03 
1.10 
1.03 
0.96 

(0.85) 


150° C 


Cure 
(min.) 


20 
30 
40 

60 

80 
120 
150 
200 


130° C 


krp.10# 
5.37 
4.94 
4.89 
(4.27) 
(3.58) 
(2.62) 
(2.18) 


‘Cure 
(min.) 
10 
15 
20 
40 
60 
80 
100 
150 
200 


krp.10* 


10.20 
9.30 
9.00 

(7.80) 

(6.75) 

(5.01) 

(4.29) 

(3.65) 

(2.51) 

(1.98) 


kpc. 


2.58 
2.91 
2.70 
2.30 
2.55 
2.57 
2.41 
(2.05) 
(1.71) 
(1.34) 


Cure 
(min.) 


10 


krp.10' 


1.62 
(1.30) 
(1.07) 
(0.91) 
(0.72) 
(0.60) 
(0.45) 
(0.38) 
(0.28) 


The radicals of tert.-buty! peroxide likewise effect a dehydrogenation of the 
rubber. 

Our results now make possible several additional quantitative statements 
with regard to the two reactions involved in thiuram vulcanization. It is 
possible, namely, to calculate their reaction velocity constants and their tem- 
perature dependence. 

In Tables 1 through 3, the velocity constants of both the reaction of rubber 
with the three thiuram disulfides (krp) and that of the formation of the dithio- 
carbamic acid (kpc) are plotted for the different temperatures. The numbers 


TABLE 2 


Rate Constants oF THE REACTION OF TETRAETHYLTHIURAM DisuLFIpDE 
RAL Rupper (krp) AND OF THE FORMATION OF THE 
DIPTHYLDITHIOCARBAMATE (kpc) 


witn Natu 


(min.) krp.10* 


1.22 
1.26 
1.26 
1.26 
1.26 
1.32 
(1.09) 
(0.92) 
(0.80) 


(3.92) 


(min.) krp.10* 


20 2.99 
30 «2.83 
40 2.89 
2.75 
60 2.68 
80 (2.44) 
100 (2.14) 
120 (1.95) 
150 (1.60) 
200 (1.26) 


150° C 


Cure Cure 
kpe.10* (min.) krp.10* kpe.10® (min.) krp.10*  kpe.10* 


1.06 
1.34 
1.14 
1.08 
1.04 
(0.98) 
(0.89) 
(0.87) 100 
(0.82) 150 
(0.66) 200 


15 


10.0 

10.5 

(8.60) 
(7.74) 
(6.27) 
(5.23) 
(4.08) 
(2.99) 
(2.17) 


2.78 


30 
| we 
30 1.58 
40 1.72 : 
50 hey 
60 1.76 
8O 1.68 
100 1.39 
150 1.29 
200 (1.68) 1.33 
|_| 4.69 
15 4.30 
20 4.42 
30 4.64 
40 (4.32) 
60 (3.22) 
80 (2.97) 
100 (2.55) 
150 (4.32) 
120° © 130° C 140° C 
30 5.06 5.26 1.66 10 mz 
40 5.40 5.28 1.54 15 3.00 
60 4.87 4.54 1.60 20 2.82 : 
80 4.37 4.51 1.65 30 2.85 
100 5.06 (4.03) 1.60 40 (2.36) 
120 4.62 (3.53) 1.66 50 (2.25) 
160 4.62 (3.11) 1.53 70 (2.04) 
200 (3.99) (2.70) 1.57 100 (2.16) . 
240 | (1.91) (1.21) 160 (1.89) 
(1.53) (1.04) 
} 


Rate Constants oF THE Reaction or TeTRAPROPYLTHIURAM DisuLrip? 
with NaTurRAL Rupper (krp) AND oF THE ForRMATION 
oF DIPROPYLDITHIOCARBAMATE (kpc) 


120° C 


‘Cure 

(min.) krp.1 kne.108 
30 1.30 (2.30) 
60 119 3.64 


100 1.04 3.79 
150 0.95 3.62 
200 0.85 3.48 


250 (0.70) (3.17) 
300 (0.61) (2.78) 
400 (0.49) (2.38) 
700 (0.31) (1.63) 


160° 


Cure 


(min.) krp.10* 
10 (3.17) 


15 6.27 
20 8.07 
30 9.25 
40 7.67 
60 5.89 


80 (4.71) 
100 (3.96) 
180 (2.41) 


involved here are of the first order. 


Temp 
of cure 
min,™ 
krp 87 1.44 
120 2.97 
130 5.07 
140 9.50 
150 1.62 
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140° C 
Cure 
(min.) 


10% 
3.67 
3.82 
3.68 
3.65 

(3.17) 


(2.78) 


(2.25) 


(1.69) 


given were calculated directly from the analytical results and not determined 
from the slope of the straight lines drawn through the points (see Figures 10 
through 16 in part II). It thus becomes clear that one can actually speak of a 
constancy of the values obtained over a range of vulcanization times, which at 
times is a very extended one, so that it again becomes clear that the reactions 
At the same time, however, it should be 
pointed out that, in every case and at every one of the temperatures chosen, 
there is observed a falling off of the reaction velocity constants above a certain 
vulcanization time. It is again seen that the relationships at lower temperatures 


SUMMARY OF THE Mean VaLues or THE Rate CoNsTANTS 


Tetrapropy! 


krp.10* 
(2.86) 
3.66 
3.83 
3.435 
(3.16) 
(2.83) 
(2.48) 
(1.93) 
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TABLE 3 
130° C 
Cure 
(min.) kpc. 108 kno. 108 
20 2.28 (3.75) 20 (0.77) : 
30 2.20 5.67 40 1.15 2 
50 1.9% 6.93 60 
75 (1.84) 7.11 80 1.10 ce 
100 (1.65) 6.50 100 1.07 = 
125 (1.66) 6.04 125 0.99 : 
150 (1.51) 5.76 150 (0.89) a 
200 (1.35) (4.98) 200 (0.69) i 
350 =(0.90) (3.89) 
160° C 
Cure 
(0.90) 10 (7.34) 
1.64 15 14.40 
2.63 20 
2.63 3012.70 
2.40 15 9.33 
2.05 60 (7.23) | 
1.81 
1.63 150 
(1.19) 
ABLE 4 
letraethy! 
ram thiuram thiuram 
Ifide disulfide disulfide 
10° 
10 1.26 10°? 1.06 * 10 
10 2.83 2.17 10 
10 4.97 564 10 
10 1.03 B10” 7.43 10 
= 1.34 10 
kpe 6 10 
10" 3.63 * 10 
2 1.08 X 10 
4 107? 2.11 X 10 
3.71 10 
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Geschwind gketskonstonte 


10°C «150°C 
23 28 


! 


Fie. 1.-—-Dependence of the rate constants of the decrease of concentration of thiuram disulfides in 
rubber on the temperature. I. Tetramethylthiuram disulfide. Il. Tetraethylthiuram disulfide. III. 
Tetrapropylthiuram disulfide. 


3 
° 


v 


160°C 180°C 140°C 130°C 67°C 

23 24 25 28 
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Fie, 2.-—Dependence of the rate constants of the formation of dithiocarbamate on the temperature. 
I. Zine dimethyldithiocarbamate. II. Zine diethyldithiocarbamate. Zine dipropyidithiocarbamate. 
The ordinate indicates the rate constant kpc 
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are the most definite. Finally, let it be noted that the velocity constants of 
the interaction of thiuram disulfides with rubber at each temperature are 
greater than those of the dithiocarbamate formation. We derived the average 
value of the reaction velocity constants for the several temperatures in every 
ease from those values in Tables 1 through 3, which are not in parentheses. 
In this way the values given in Table 4 are obtained. If the logarithm of the 
reaction velocity constants is plotted against the reciprocal of the absolute 
temperature according to Equation 1, the relationships shown in Figures | and 
2 result. 


(1) k = Ae WRT —_4Q) = Activation energy 
A = Frequency factor 


It is seen that both the constants, kp, of the reaction of rubber with thiuram 
disulfides and the splitting off of dithiocarbamic acid from the reaction product 
of thiuram disulfide and the ally! units of the rubber chain molecules, kpc, are 
linear functions of the reciprocal of the absolute temperature, as required by 
the theory. We are led to regard this result especially as a confirmation of the 
reliability of our analytical study of thiuram vulcanization. 

The straight lines of each figure are parallel, a fact that indicates that the 
activation energy of both reactions is independent of the particular constitution 
of the thiuram disulfide. This again proves that all three thiuram disulfides 
react with rubber and enter into the cross-linking reaction (dithiocarbamate 
formation) in an absolutely similar manner. The difference in constitution of 
the thiuram disulfides shows up in both reactions only in a different steric 
factor contained in A (displacement of the straight lines toward regions of 
smaller reaction velocity constants with increasing length of the alkyl portion 
substituted on the nitrogen in the thiuram disulfide). This is a completely 
plausible result. 

From the slopes of the straight lines of Figures | and 2, the caleulated value 
of the activation energy for the reaction of the thiuram disulfides with rubber is 
22.7 calories and for the splitting off of the dithiocarbamie acid from the reac- 
tion product of the thiuram disulfide with the rubber, 20.4 calories. 


DISCUSSION OF THE MECHANISM 
OF THIURAM VULCANIZATION 


Although the kinetic studies, as we have already pointed out, cannot ac- 
count for the details in connection with the reaction mechanism of thiuram 
vulcanization, it is worth while nevertheless to discuss the various possibilities. 
As will be shown immediately, the number of these is already considerably 
diminished by the results obtained (see the survey of the reaction mechanisms 
(A) through (G). 
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It may, for example, be assumed that thiuram disulfides enter into the 
reaction as radicals, for which we postulate an equilibrium according to (A) 
For this the dissociation of the thiuram disulfide can be hardly measurable, 
hence extremely slight. For the radicals, there are now two possibilities for 
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interaction with the allyl units of the rubber macromolecules. They can act 
on the allyl groupings at their a-methyl group. Concerning this group, it is 
known that it has a labile hydrogen and that it is capable of transferring this to 
other radicals, which then become saturated. Under these conditions we have 
a reaction according to (B). The polyisoprene chain radicals could combine 
intra- or intermolecularly (cross-linking), whereby there are, corresponding to 
scheme (C), three possibilities of coupling, which can lead to the configurations 
(a), (b), and (c). This mechanism would, to be sure, explain the complete 
interaction of the thiuram disulfide with the rubber, but not, however, its con- 
version to dithiocarbamate, which is independent of the temperature and 
amounts to only 66 per cent. Moreover, in case the process takes place ac- 
cording to (B) and (C), only a single reaction should be observed. That is, 
the decrease with time of the concentration of the thiuram disulfide during vul- 
canization ought to agree with the increase with time of the dithiocarbamate in 
the vulcanizate; that is, one would assume the reaction of the dithiocarbamic 
acid with zine oxide to be what determines the velocity. This seems to be 
excluded. Thus one cannot attempt to explain the conversion of the thiuram 
disulfides, which always amount to 66 per cent, or better, their conversion into 
dithiocarbamate, which falls short of 100 per cent, by taking account of satura- 
tion of the polyisoprene chain radicals by radicals of the thiuram disulfide, even 
if this occurs to some extent. This is even without considering the fact that in 
such a case, the limiting value of the dithiocarbamate yield would certainly not 
be found to be independent of the temperature and of the chemical constitution 
Furthermore, mechanisms (B) and (C) are not capable of explaining why the 
completely reacted and exhaustively extracted vulcanizates still contain sulfur. 

The other possibility of the reaction of thiuram disulfides with the ally! units 
consists in their action on the double bonds. This can proceed in either of two 
ways. It can result in the complete saturation of a double bond, or in the 
attachment of only one thiuram radical to it. In the latter case, polyisoprene 
chain radicals are again created, and the reaction is comparable with the chain 
initiation of a polymerization induced by radicals. 

If we consider the last type of reaction, then there is a mechanism according 
to (D). The chain radicals which then result can either react pairwise to give 
configuration (d), or according to a type of chain radical mechanism to give 
configuration (e). In the latter case, a chain termination reaction would 
probably occur after only a few steps. But even mechanisms (D) and (EF) are 
not capable of accounting for the production of the dithiocarbamiec acid and 
must, therefore, be given up for this particular reason as well as for the other 
ones. If the process were induced by reaction (D), it could, to be sure, ac- 
count for the fact that all the thiuram disulfide reacts with the rubber. How- 
ever, all the thiuram disulfide would then have to be firmly bound by the rub- 
ber. In other words, vuleanizates in the fully reacted state should contain an 
amount of sulfur corresponding to the original thiuram disulfide. This, how- 
ever, is contrary to the facts. Finally, this mechanism, with regard to the 
dithiocarbamate formation, would require not two reactions, but only a single 
one. 

Only when one considers a complete saturation of the double bonds by 
addition of thiuram disulfide radicals (mechanism (I')) does one arrive at a 
reaction path which can be brought into agreement with the relationships that 
have been found. The formation of adduct (f) first makes understandable the 
complete interaction of a thiuram disulfide with rubber and explains the con- 
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version of the thiuram disulfide as a ‘‘vulcanization-indifferent” reaction. We 
can properly assume with respect to this adduct that, in a further reaction, it 
acts more slowly with allyl units which are still unconverted, with splitting off 
of dithiocarbamic acid. This makes understandable the observation of two 
reactions. The reaction of adduct (f) according to (G) with still unconverted 
ally] units leads to the configuration (g) or (h). Their formulation corresponds 
to a 50 per cent conversion. However, the thiuram groups contained in them 
can again enter into reaction with the allyl units. It is, nevertheless, the 
further conversion of the groupings of type (g) and (h) which may be made 
more difficult and which could have as a consequence the failure of the con- 
version of the thiuram disulfide to the dithiocarbamate to attain 100 per cent. 
It is clear that it is not yet possible to make any categoric final statement 
regarding the problem of the reaction mechanism of thiuram vulcanization. 
For this reason the above expositions merely represent ideas which can be 
entertained concerning it. Even if, on the basis of our experimental results, 
we are able to sketch an exact picture of thiuram vulcanization, we must, of 
course, nevertheless attempt to bring into the investigation the detailed insight 
into the constitution of the intermediate compounds and their reactivity with 
respect to allyl systems. This, however, can be carried out successfully only 
by a study of suitable model substances especially selected for the purpose. 


SUMMARY 


The present paper, which relates again to the problem of the kinetics of 
thiuram vulcanization, has led to the following results: 

1. The velocity constants kp of the interaction of tetramethyl]-, tetraethyl-, 
and tetrapropylthiuram disulfides with natural rubber, which proceeds accord- 
ing to a first-order reaction, are linear functions of the reciprocal of the absolute 
temperature. This is true also of the velocity constants kpc of the dithiocar- 
bamate formation. 

2. The activation energies of both reactions are independent of the particu- 
lar chemical constitution of the thiuram disulfide involved. 

3. The different thiuram disulfides vary with respect to their reaction with 
rubber only by the steric factor. 

4. The reaction mechanism of thiuram vulcanization has been discussed in 
the light of the results of the kinetic investigation. 

These studies are being continued. 
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IV. INVESTIGATIONS WITH MODEL COMPOUNDS 


WALTER SCHEELE AND Ortro LORENZ 
INTRODUCTION AND STATEMENT OF THE PROBLEM 


Our earlier investigations of the vulcanization of natural rubber with thiu- 
ram disulfides have contributed essentially to gaining an insight into the re- 
actions involved'. Above all they have shown that the concept, which appears 
over and over again in numerous publications’, and according to which thiuram 
disulfides are split at vulcanization temperature into thiuram monosulfide and 
sulfur, and the cross-linking of the polyisoprene chains is produced by sulfur, 
can hardly be correct. Since the presence of thiuram monosulfide could not be 
demonstrated in any of the vulcanizates studied by us, but on the other hand, 
in the completely reacted vulcanizates there was in every case a considerable 
amount of zine dithiocarbamate, an amount that was independent of the tem- 
perature and equal for all the homologous thiuram disulfides tested, namely 
66 mole-per cent of the added thiuram disulfide, it seems more probable that 
the polyisoprene chains are joined together by C—C bonds. For this concept, 
one may suppose that the allyl groups of the polyisoprene finally undergo de- 
hydrogenation and that dithiocarbamic acid is formed, which combines to give 
zine dithiocarbamate. In this light the conversion of thiuram disulfides in 
rubber has many parallels with the reaction of benzoyl peroxide and of di-tert. 
butyl peroxide with natural rubber as well as with model compounds like 
cyclohexene, 1l-methyl-cyclohexene, 4-methyl-heptene, etc.’. Here too the 
essential process is a dehydrogenation of these compounds by the peroxides. 
This results in a linking of the radicals formed by C—C linking in which, to be 
sure, there occurs in every case a mixture of the theoretically possible com- 
pounds (“polymers”). This mixture can, in some cases, be separated into 
definite compounds. 

We do not, however, wish to deny the possibility of the reactions of thiuram 
disulfides which are frequently put forward in connection with discussions of the 
mechanism of the vulcanization of rubber with thiuram disulfides, namely their 
thermal splitting into thiuram monosulfide and sulfur, followed by further 
splitting into tetraalkylthiourea and carbon disulfide. Yet they must pre- 
sumably take place much more slowly than the conversion of the thiuram di- 
sulfide with rubber and thus elude observation. 

Our study of the kinetics of the vulcanization of natural rubber with thiuram 
disulfides at a series of temperatures indicated that apparently two reactions are 
involved, namely, a relatively rapidly occurring interaction of the thiuram di- 
sulfides with the rubber, which results in the formation of a “preliminary stage 
of vuleanization’’, and the more slowly occurring vulcanization, which is accom- 
panied by the formation of zine dithiocarbamate. Both reactions are of the 
first order up to a conversion considerably in excess of 50 per cent at higher 
temperatures and over the whole range as well at temperatures below 100° C 
From the temperature dependence of their velocity constants, their energies of 
activation can be calculated. 

That it was possible to throw light on the kinetic relationships in thiuram 
vulcanization may properly be regarded as a confirmation of the reliability of 
the conductometric titration method used by us‘, and it also argues the cor- 
rectness of our methodical procedure, whose first step is characterized by the 
systematic study of the material conversions during vulcanigation reactions 
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with the aid of quantitative chemical analyses. Now it is of great importance 
for understanding the cross-linking of rubber by thiuram disulfides that one be 
able to form a mental picture of the constitution of the cross-linking points. In 
this way, one is enabled occasionally to calculate the number of cross-linking 
positions per mole of thiuram disulfide converted, and could perhaps test many 
theoretical formulations of the dependence of a series of properties of the rubber 
on the degree of vulcanization. 

For this purpose, however, it is necessary to broaden the studies to include 
model compounds. Before one can direct his efforts in that direction, however, 
it is necessary to test whether thiuram disulfides react with such compounds in 
exactly the same manner as with natural rubber. If, in fact, an unambiguous 
reaction takes place between the allyl groups of the polyisoprene chains and the 
thiuram disulfides, as seems probable according to our experimental results, then 
one must expect that model compounds of lower molecular weight, which con- 
tain some allyl groupings of the same constitution and interconnections as in 
rubber (for example, dihydromyrcene, geraniol, squalene, etc.), would react 
with thiuram disulfides in exactly the same way as rubber does. Indeed, the 
same relationships should be found quantitatively, as in the vulcanization of 
rubber with thiuram disulfides. 

The present paper deals with studies of the reaction of tetraethylthiuram 
disulfide with geraniol, in xylene as solvent, in the presence of zine oxide. The 
same procedure was followed as previously in the case of the interactions be- 
tween thiuram disulfides and rubber. 

Geraniol is a pleasant smelling liquid which is contained in the oil of roses 
in amounts of 40-60 per cent. It contains a mixture of two isomeric trans- 
alcohols (a) and (b), with two allyl groups in the molecule’. The configuration 
(a), for example, can be considered as a segment out of the polyisoprene chain 
(ce), one end of which is terminated by a hydrogen atom, while the other ends 
in a hydroxyl group. 


(a) CH, CH; 


CH, CH,—CH,—C=CH—CH,OH 
CH, CH, 


(b) 
CH, CH, CH, 
| 
CH,—C=CH—CH,—CH,—C=CH —CH;—CH:—C=CH—CH;; 


EXPERIMENTAL 


The reaction vessel] was a round-bottom flask with numerous side tubes, 
equipped with a stirrer cooler, with tubes to introduce a gas stream, to receive 
a thermometer, and to remove samples. It was placed in a thermostat, which 
was brought to the proper temperature to give the desired temperature in the 
flask for each experimental run. At the start of each experiment the flask was 
charged with a measured amount of xylene solution of known content of the 
purest geraniol. Then an exactly weighed amount of zinc oxide was added. As 
soon as the solution had reached constant temperature, a measured volume of 
a solution of known content of tetraethylthiuram disulfide in xylene was added, 
and the time of the start of reaction noted. The solution was stirred vigorously 
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and continuously, and both for several hours before the reaction and during it, 
a stream either of pure nitrogen or of air was passed through the solution 
From time to time samples were removed, cooled as quickly as possible, and 
prepared for analysis. In all the experiments, the geraniol was present in 
large excess (see Table 1). 

It proved necessary, in order to remove any finely divided zine oxide, to 
filter each sample through a membrane filter. Otherwise even the most minute 
amounts of zine oxide remaining in the solutions introduce slight errors in the 
analytical values for the zine dithiocarbamate’. After thus removing the zine 
oxide from the solution, the xylene was distilled off in vecuum. A solution of 
zine dithiocarbamate remains and any still unconverted thiuram disulfide in 
geraniol, which also still contains the reaction product of the geraniol with 
thiuram disulfide. It was taken up in the purest acetone and brought to a 
definite volume in a measuring flask. Portions thereof were introduced into a 
conductivity cell, diluted with water and analyzed quantitatively for dithio- 
carbamate and thiuram disulfide. The zine dithiocarbamate was determined 


TABLE 1 


Decrease or THiuraM AND INCREASE OF DrrnloCcARBAMATE IN THE REACTION oF 
GERANIOL WITH TETRAETHYLTHIVURAM DisULFIDE UNDER NITROGEN 


The reaction mixture was made up of: tetraethylthiuram disulfide, 900 mg.; zin: 
oxide, 3 g.; geraniol, 20 ce.; and xylene, 800 ce. 


137° C 122.5° C 110° C 100° © 

Mol.-% Mol.-% Mol.-% 
dithio- dithio- > dithio 
Time Mol.-% earba- Time Mol.-% carba- Time Mol “% @ - Time Mol-% carba- 
(min.) thiuram mate (min.) thiuram mate (min.) thiuram ate (min.) thiuram mate 


10 69.7 
20 47.9 
30 35.3 
40 26.5 
60 12.8 
40 59 
120 2.4 
180 

240 

300 


90 71.6 120 
180 5 24! 240 
270 34.3 $3.7 360 
360 
480 f 720 
600 5! G00 
1440 

1380 1800 
1800 2220 
28380 


by conductometric titration with hydrochloric acid of known strength, and the 
thiuram disulfide then determined by conductometric titration with copper 
sulfate solution, with the addition of hydroquinone. It is not necessary here 
to remove the excess geraniol which is still present, nor is it necessary, as the 
experimental results will show, to assume that the reaction product of the 
geraniol influences the analytical results. 


EXPERIMENTAL RESULTS ANID DISCUSSION 


THE INTERACTION OF TETRAETHYLTHIURAM DISULFIDE 
WITH GERANIOL UNDER NITROGEN 


Although we convinced ourselves by control tests that zine dithiocarbamate 
experiences no change even after being heated in xylene for sixteen hours under 
the influence of either air or nitrogen, we carried out all our studies at first with 
painstaking exclusion of oxygen. To this end a stream of pure nitrogen was 
passed through the solution of the reaction partners’. The results obtained in 
these experimental tests are collected in Table 1. This gives the increase of the 
concentration of the zine dithiocarbamate, as well as the decrease of the thiuram 
disulfide for different temperatures. 


13.5 15 88.6 
2 ‘ 5.2 
45 63.2 56.4 18.6 
3 60 54.3 423 ans 
90 38.8 21 4 
582 120 258 34 
“4.0 180 12.7 10.0 48.3 
66.1 240 8.1 6.5 52.0 te 
66.7 360 (51.7) a 
67.2 (514) 
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Via, 1.—Inerease of concentration of zine diethyldithiocarbamate with reaction time in the 
interaction of tetraethylthiuram disulfide with geraniol 


Figure | shows the rise of the concentration of zine dithiocarbamate in the 
solution with the reaction time. Figure 2, in which the ordinate is the log- 
arithm of the zine dithiocarbamate yield in mole-per cent of the initial thiuram 
disulfide and the abscissa is the reciprocal of the reaction time 1/t.10°, shows 
that, similarly in the conversion of thiuram disulfide with geraniol, the amount 
of zine dithiocarbamate formed at infinite reaction times is independent of the 
temperature and has the limiting value of 66 mole-per cent calculated on the 
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Pia, 2.—-Demonstration of the final value of the yield of diethyldithiocarbamate in the 
interaction of tetraethylithiuram disulfide with geraniol in nitrogen 
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initial amount of thiuram disulfide present. Thus the same relationships 
exist as in the vulcanization of natural rubber with thiuram disulfides. 

In the above case we have been able to convince ourselves that the limiting 
value of the dithiocarbamate yield is also independent of the concentration of 
the added thiuram disulfide. Although it is not specifically demonstrated here, 
we found, namely, that even when the amount of thiuram disulfide caused to 
react was doubled or quadrupled or reduced to one-half of the usual normally 
added amount, the limiting value of zine dithiocarbamate was 66 mole-per cent. 

In our recent publication we attempted to explain the invariable 66 mole- 
per cent conversion of thiuram disulfide to the dithiocarbamate which occurs in 
the vulcanization of natural rubber by postulating that the vulcanization re- 
action, which is accompanied by the formation of dithiocarbamate, is hindered 
by the increase of the number of points of cross-linking and, therefore, also 
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ia. 3. Variation of the concentration of zine diethyldithioearbamate as a first-order reaction 


fails to run to completion. But after it turned out that the same limiting value 
of the dithiocarbamate yield is also reached in the interaction of the thiuram 
disulfide with geraniol, which takes place in the homogeneous liquid phase, and 
here too the value is independent of the concentration, as can also be assumed 
in the vuleanization of rubber, we can no longer support this interpretation 
(given in the second communication of this series). On the same basis the 
interpretation of Jarrijon, which is not unlike ours, presumably does not really 
hit the mark either. It now seems much more probable to us that the tem- 
perature-independent limiting value of the molar conversion of the thiuram 
disulfide to the dithiocarbamate, as it is effected by the natural rubber or the 
geraniol, is the result of a stoichiometric reaction. 

From Figure 3 it can be seen that the reaction of tetraethylthiuram disul- 
fide with geraniol is a first-order reaction with respect to the formation of di- 
thiocarbamate, and it is clear that this is true in this case for all the reaction 
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TasLe 2 
Reaction Vetociry Constants or Increase or DirHiocaRBAMATE 
(Interaction of Tetraethylthiurgm Disulfide with Geraniol in a Stream of Nitrogen) 


137° C 122.5° ¢ 110° C 
, 


Time kpc. 108 Time kpc. 10" Time kpc.10* 

(min.) (min.) min.™ (min.) min.™ (min.) 
10 2.24 5.7: 90 2.65 120 
20 2.42 : Bi 180 2.54 240 
+O 2.26 . 546 270 2.64 360 
40 2.41 j 4 360 2.88 540 
2.45 180 2.88 720 
W 2.28 600 3.01 900 

120 2.67 5.5 840 3.01 1440 
1380 3.04 1800 


Mean 2.39 2.83 


times and temperatures observed, for in the very fluid medium (xylene solution 
of the reaction partners) and with constant stirring, diffusion has, of course, no 
longer any influence on the reaction. In the reaction of tetramethylthiuram 
disulfide with rubber, this is the case only at temperatures below 100° C. 

Table 2 gives the velocity constants for the formation of zine dithiocarba- 
mate. It is seen that the constants calculated from the individual analytical 
results of Table | show excellent agreement, that is, show only slight deviations. 
They are somewhat greater than the velocity constants for the formation of 
zine diethyldithiocarbamate in rubber, a consequence of the medium in which 
the reaction takes place. 

As it does in the thiuram vulcanization of natural rubber, the concentration 
of the disulfide drops off to zero also in the interaction of thiuram disulfide with 
yeraniol, This can be seen in Figure 4. The decrease of thiuram disulfide 
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Fig. 4.—Decrease of the concentration of tetraethylthiuram disulfide with the 
duration of the reaction with geraniol. 
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hia. 5.—Lecrease of concentration of tetraethylthiuram disulfide in the reaction with geraniol is a first 
order reaction. The solid lines represent the reaction in nitrogen; the broken lines the reaction in air 


concentration is again a first-order reaction, as Figure 5 shows (see the solid 
curves). The ordinates give the logarithm of the amount of thiuram disulfide 
in mole-per cent present at any time, the abscissa the reaction time in minutes 
The velocity constants, calculated from the coordinates of the individual 
points of the solid curves of Figure 5, are collected in Table 3. These too are 
somewhat greater than the ones for the interaction with rubber. 

In Figure 6, corresponding to the relation for the temperature dependence 
of the reaction velocity constants: 


k= Q = activation energy 


the log of the velocity constants krp of the decrease of thiuram, and kpc of the 
increase of dithiocarbamate (curves | and 2) is plotted as a function of the 


TABLE 3 
Reaction Vevociry Constants or Decrease or THiunam (INTERACTION OF Terra 
ETHYLTHIURAM DisuLFIDE with GERANIOL IN A STREAM OF NITROGEN) 
137°C 122.5° C 10°C 100° © 
Time brp Time Time krp.10* Time 
(min) min,“ (min.) (min min. (min. min,~ 
10 3.77 3.70 120 
20 3.68 180 3.62 240 
30 3.48 5 3 270 4.0% 360 
40 3.32 15 360 4.12 540 
3.41 480 1.092 720 
3.14 600 4.35 900 
120 3.14 At 1440 
1800 


Mean 3.42 
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Fia. 6. Dependence of reaction-velocity constants on the temperature. Curve 1. Tetraethylthiuram 
disulfide under nitrogen. Curve 2. Zine diethyldithiocarbamate. Curve 3. Tetraethylithiuram disulfide 


in air 


reciprocal of the absolute temperature. Here again one obtains straight lines 


with great accuracy. If the activation energies for both reactions are calcu- 
lated, the same values are found, with only slight deviations as for the vulcani- 
zation of natural rubber with thiuram disulfide, namely, Qpoc = 26 cal and 
Qrp = 25 cal. 


CONVERSION OF TETRAETHYLTHIURAM DISULFIDE WITH GERANIOL UNDER THE 
INFLUENCE OF ATMOSPHERIC OXYGEN 


In carrying out the reaction of thiuram disulfide with geraniol under 
nitrogen, we noted at times that the increase with time of the concentration of 


TapLe 4 


Decrease AND INCREASE IN THE REACTION OF GERANIOL 
with TeTRAETHYLTHIURAM DisuLFIDE IN AIR 
The reaction mixture was made up of tetraethylthiuram disulfide 900 mg. ; zine oxide 
4% g.; geraniol 20 cc.; and xylene 800 ce. 
137° C 122.5° C 110° C 100° C 
Mole-% } Mole-“ Mole-% 
dithio- dithio- dithio- 
Time Mole-% carba- Time Mole-% carba- Time Mole-% carba- Time Mole-% carba- 
(min.) thiuram mate (min.) thiuram mate (min.) thiuram mate (min.) thiuram mate 


10.1 120 
18.2 240 
360 
480 
600 
720 
1380 
1800 


|_| 
| 
103 137°C 10°C 00 
245 26 265 
10 15.4 40 63.9 12.2 90 58.7 72.0 5.5 
20 24.8 60 39.7 23.2 180 33.1 53.3 9.7 
40 31.3 00 26.1 29.5 270 19.7 37.9 14.2 
40 39.2 120 14.6 32.7 360 11.4 29.2 15.4 
0 43.6 180 7.3 33.6 450 7.8 22.7 17.4 
60 47.7 240 3.9 33.7 540 4.7 18.1 18.1 
80 50.6 360 - 32.9 720 13.5 18.8 
100 - 508 480 33.0 900 46 20.1 
140 . 51.3 19.9 
180 51.6 . 
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zinc dithiocarbamate in the solution was arrested prematurely, that is, before 
attaining the final value of 66 mole-per cent, and that even when the process 
was observed for still longer periods, the dithiocarbamate concentration no 
longer rose. We supposed that these unexpected relationships were possibly 
caused by the oxygen in the air and that when samples were taken from the 
reactions flasks perhaps this was introduced now and then into the solution in 
slight quantities. At any rate, this observation led us to repeat the tests under 
air. 

The results obtained are shown in Table 4. From these analytical results, 
it is seen that the thiuram disulfide again falls to zero, and, by comparing the 
figures with the corresponding ones in Table 1, it is recognized that the reaction 
of geraniol with thiuram disulfide takes place more rapidly in the presence of 
oxygen than under nitrogen. Nevertheless, as the dashed curve in Figure 5 
shows, the conversion is again a first-order reaction, except that the negative 
slope of the curves are steeper in the experiments under atmospheric oxygen 
than in those carried out under nitrogen (solid curves). he velocity con- 


TABLE 5 


Reaction Vevociry Constants or Decrease or THivuRAM 
(Interaction of Tetraethylthiuram Disulfide with Geraniol in a Stream of Air) 


137° C 122.5° C 100° © 100° © 
Time krp.10 Time krp.10* Time 10" Time 
(min) min.” (min.) min, (min.) min,“ (min. ) min,~' 


5.20 30 oO 5.88 120 
20 4.17 60 1.52 180 6.17 240 2.61 


30 4.14 00 1.49 270 6.01 360 2.69 
40 4.37 120 1.60 360 6.02 480 2.56 
50 4.12 180 1.45 450 5.67 600 2.47 
60 4.40 240 1.35 540 5.65 720 2.38 
80 4.05 S40 2.38 
1480 2.23 

Mean 4.35 1.48 5.90 2.48 


stants, calculated from the experimental results, are given in Table 5. The 
especially good agreement of the values for the constants are evidence of the 
exactness of the measurements. 

From the temperature dependence of the velocity constants (curve 3 of 
Figure 6), there is calculated a somewhat smaller energy of activation. We 
find Qrp = 23 cal. for the interaction of thiuram disulfide with geraniol under 
air, compared with Qrp = 25 cal. under nitrogen. 

More remarkable even than the altered relationships of the thiuram disul- 
fide reaction is what happens with respect to the increase of the concentration 
of zine dithiocarbamate during the reaction. In none of the series of experi- 
ments is the limiting value of 66 mole-per cent reached in the yield of dithio- 
carbamate. The completely reacted mixtures in all cases contain less zine 
dithiocarbamate than the expected amount, and less and less, the lower the 
temperature. Whether at still higher temperatures than the highest used, the 
66 mole-per cent limiting value of zine dithiocarbamate would eventually be 
reached, and whether at lower temperatures there would be eventually « 
smaller limiting value, which no longer changed when the reaction temperature 
is lowered still more, was not investigated at this time. In any case, we are 
led by the temperature dependence of the limiting value of the conversion 
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under the influence of atmospheric oxygen, which is evident in Figure 7, to 
conclude that the thiuram disulfide is involved, because of the presence of 
oxygen, in another additional reaction in which no dithiocarbamate is formed. 
It seems to us ecrtain that the atmospheric oxygen also has an influence on the 
thiuram vuleanization. At the outset of our studies of the mechanism of 
vulcanization, we vulcanized sheets of rubber in a drying oven with thiuram 
disulfide, and we observed that varying and uncontrollable limiting values of 
zine dithiocarbamate were reached. These values were always less than 66 
mole-per cent, an effect, without question, of the influence of atmospheric 
oxygen. For this reason, however, one must also assume that in vulcanization 
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Demonstration of the dependence on temperature of the limiting value of the yield of zine diethy! 
dithiocarbamate in the interaction of tetraethyithiuram disulfide with geraniol in air 


in closed molds there is no oxygen present, otherwise one could not explain 
why, in the reaction of thiuram disulfide with geraniol under nitrogen, 66 mole- 
per cent of thiuram disulfide is consistently converted to dithiocarbamate. 

The relationships noted above should also be taken into consideration when 
it is attempted to prepare the reaction product or products from thiuram di- 
sulfide and geraniol. It is certainly recommended that the conversion itself 
should be allowed to take place under nitrogen, otherwise it is likely that more 
complex and constantly changing products will be formed. In general it is not 
possible in any case to predict the detailed behavior. 


CONCLUSIONS AND SUMMARY OF THE RESULTS 


If we disregard for the moment the phenomena which occur in the inter- 
action of thiuram disulfide with geraniol under the influence of air and confine 
our consideration to the results which can be deduced from the study of this 
reaction in a stream of nitrogen, we are led to the conclusion that geraniol, 
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which was used as a model compound, behaves with respect to its interaction 
with tetraethylthiuram disulfide, not only qualitatively but also quantitatively, 
exactly like rubber, and that it is not to be assumed that other tetraalkylthiu- 
ram disulfides as well as other compounds which are analogous to geraniol will 
behave differently. Thus the results can be evaluated as a proof that the vul- 
canization of natural rubber by thiuram disulfides depends on nothing other 
than a definite and always similar interaction with the allyl groups of the poly- 
isoprene chain. The results of the investigation described in this paper can be 
regarded, moreover, a8 support for the correctness of our procedure in the 
clarification of the vuleanization mechanisms, and they stress the importance 
of analytical-chemical methods, which have certainly not been pursued in the 
past with the necessary intensity and insight. 

These investigations are being continued. It has already been found that 
the vulcanization of natural rubber with thiuram monosulfides and sulfur leads 
to the same results as vulcanization with thiuram disulfides. This has been 
conjectured, to be sure, by a number of workers. However, it was never really 
demonstrated experimentally. We shall report on this in the near future. 

The experimental results can now be summarized as follows: 


1. The reaction between thiuram disulfide and geraniol (demonstrated by 
the example of tetraethylthiuram disulfide) takes place qualitatively and 
quantitatively like the interaction between thiuram disulfide and natural 
rubber. In the vuleanization of rubber by thiuram disulfides, therefore, there 
is involved a reaction of the thiuram disulfide with the ally! groups, leading to a 
definite conversion. 

2. It was found that in the interaction of geraniol with thiuram disulfide 
under nitrogen and in the presence of zine oxide, the limiting value of zinc 
dithiocarbamate amounts to 66 mole-per cent of the original thiuram disulfide, 
independent of the temperature. This was the result found in the study of the 
reaction of the thiuram disulfides with rubber. 

3. We were able to show that the limiting value of the dithiocarbamate 
vield in the interaction of tetraethylthiuram disulfide with geraniol is inde- 
pendent of the thiuram disulfide concentration. This is likewise true for the 
reaction of the thiuram disulfides with natural rubber. From this it follows 
that the interaction of thiuram disulfides with allyl groupings, as they oceur in 
the polyisoprene chain, is apparently a stoichiometric one. For this reason 
we can no longer retain the assumption that the limiting value of the yield of 
dithiocarbamate is the result of a sterically hindered reaction. 

4. The change of concentration of zine dithiocarbamate in the interaction 
of tetraethylthiuram disulfide with geraniol under nitrogen ean be accounted 
for by postulating a reaction of the first order. The velocity constants were 
calculated and it was found that the resulting activation energy is somewhat 
greater than the one for the interaction with natural rubber. 

5. Similarly the concentration of thiuram disulfide obeys a first-order 
reaction as it falls off to zero. The velocity constants were calculated. The 
activation energy obtained from the temperature dependence is in good agree- 
ment with that found for the interaction with rubber. 

6. In the presence of oxygen, the reaction between thiuram disulfide and 
geraniol takes a quite different course. The rate of decrease of concentration 
of thiuram disulfide, which likewise follows a first-order reaction, is higher. 
The yield of zine dithiocarbamate does not attain the constant value of 66 mole- 
per cent of the original thiuram disulfide. In the temperature range studied, 
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the amount of dithiocarbamate found is smaller. The limiting value reached 
at the various temperatures is progressively smaller, the lower the temperature 
chosen. Whether by expanding the temperature range, one would eventually 
reach a minimum and a maximum limiting value has not been investigated. 
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V. VULCANIZATION OF NATURAL RUBBER BY 
TETRAMETHYLTHIURAM MONOSULFIDE 
AND SULFUR 


WALTER SCHEELE AND GEORG BIELSTEIN 
STATEMENT OF THE PROBLEM 


In a recent publication! we showed that thiuram disulfides react with ger- 
aniol, (CH,)==CH—CH,OH, in the ab- 
sence of oxygen not only qualitatively, but also quantitatively, as they do with 
natural rubber’. Independent of the temperature, 66 mole-per cent of the 
original thiuram disulfide was again converted to the corresponding dithiocar- 
bamic acid, and this combines with zine oxide to form zine dithiocarbamate, 
which is stable under the conditions of vulcanization. Over the whole range 
of reaction times studied, both the decrease of concentration of the thiuram 
disulfide and the formation of the zine dithiocarbamate proved to be reactions 
of the first order. The first of the two is the more rapid one. 


VULCANIZATION WITH A THIURAM MONOSULFIDE 49 


With these results it was possible for the first time to show in a convincing 
manner that it is reasonable and worthwhile in investigations of vulcanization 
processes to make comparative studies of corresponding transformations em- 
ploying lower molecular model compounds. It can be concluded in this case 
that the vulcanization of natural rubber by thiuram disulfides depends without 
question, and exclusively, on their interaction with the 1,5-diene units of the 
macromolecules, and therefore it must also be possible to obtain information 
about the constitution of the cross-linking points, by attempting to prepare the 
reaction products of lower molecular 1,5-dienes with thiuram disulfides, and to 
throw light on their constitution. It is advisable here to work under mild 
experimental conditions and to take the utmost care to exclude oxygen, for, 
under the influence of oxygen, as we have likewise shown, the conversion takes 
a different course. Such studies are to be undertaken by us. 

The results of our studies up to this time make it probable that thiuram 
disulfides cause a linking of the macromolecules of polyisoprene through C—C 
bonds. In any case, in our opinion, one cannot assume that thiuram disulfides 
under vulcanization conditions go over into thiuram monosulfide and sulfur 
and that the sulfur is the actual vulcanizing agent. This is a concept that one 
finds again and again in the literature on this subject’. At no stage of the vul- 
canization and at none of the vulcanization temperatures selected could thiuram 
monosulfide be detected, a fact already noted by Jarrijon*. This, however, 
leads naturally to the supposition that vulcanization of natural rubber by 
thiuram monosulfide and sulfur is nothing else than vulcanization by thiuram 
disulfide formed under vulcanization conditions. 

The present paper deals with the results obtained in the vulcanization of 
natural rubber by tetramethylthiuram monosulfide and sulfur. The propor- 
tions were so chosen that there was 1 gram-atom of sulfur per mole of thiuram 
monosulfide. All experiments were carried out in the presence of an excess of 
zine oxide. 

EXPERIMENTAL 


The starting material used in the course of the present investigation, as 
previously, was pale crepe, which was exhaustively extracted with acetone in a 
Soxhlet apparatus. After sufficient mastication at about 60° C (no attempt 
was made to reach a definite degree of mastication), there was added to a 
weighed amount of the masticated rubber first zinc oxide, then tetramethy|- 
thiuram monosulfide, and finally sulfur. All were weighed accurately. The 
mixing of the added ingredients on the mill rolls was continued until visual 
inspection indicated that a completely homogeneous mass had formed. Por- 
tions of the material so prepared were vulcanized in suitable molds to give 
round disks about 3 mm. thick and from 70 to 80 mm. in diameter. 

Vulcanization itself was carried out in a thermostat. The heating fluid was 
Clophen A-30. The molds were closed tightly by means of a press and then 
placed either singly, or in experiments involving longer vulcanization times, in 
a stack of six in the thermostat, which was previously heated to the particular 
desired temperature. After definite and always accurately measured vul- 
canization periods, they were taken out and rapidly cooled to room temperature 
with cold water. At room temperature, vulcanization comes practically to a 
standstill. 

A vulcanizate prepared in this manner was cut up into small pieces, and an 
exactly weighed amount extracted for at least four days at room temperature 
with the purest ethyl acetate. The extracting liquid was renewed several 
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times during the extraction. The extracts were collected in a measuring 
flask filled to a definite volume with ethyl acetate. In the solutions obtained 
in this way, the zine dithiocarbamate formed in the vulcanization was deter- 
mined quantitatively by conductometric titration with hydrochloric acid‘. 

For this purpose a measured volume of the solution was introduced into a 
conductivity cell, provided with a ground-glass joint and tube, so that the 
ethyl! acetate could be vacuum distilled off. The residue after di. tillation was 
dissolved in acetone and the acetone solution diluted with water just to a point 
short of producing precipitation. Then the conductometric titration was 
carried out with the conductivity cell in a thermostat at 45°C. This quantita- 
tive determination of the dithiocarbamate is not influenced adversely by either 
sulfur or thiuram monosulfide. 


EXPERIMENTAL RESULTS 
QUALITATIVE OBSERVATIONS 


If one examines the ethyl acetate extracts of a series of vulcanizates of in- 
creasing times of vuleanization, one notes that their yellow color is more intense 
and brilliant than that of extracts of corresponding thiuram disulfide vulcani- 
zates. From this it should probably be concluded that vulcanizates obtained 
with thiuram monosulfide and sulfur will show free thiuram monosulfide. But 
one also notes that the color of the extracts from the vulcanizates of short 
reaction times all the way to practically exhaustively reacted vulcanizates 
becomes less and less intense. The latter have the pale yellow color that we 
have always observed in the extracts of thiuram disulfide vulcanizates, a color 
also shown by the acetone extracts of pale crepe. For this reason. however, it 
can now be supposed that the thiuram monosulfide disappears progressively 
during the vuleanization, and the simplest assumption is that it goes over into 
thiuram disulfide by combining with the sulfur. However, it was found that 
all vuleanizates contain practically no thiuram disulfide, so that, in any case, 
this can be present in only negligible amount. To understand this, let us 
remember that warm solutions of thiuram disulfide in water plus acetone quickly 
give a precipitate of copper dithiocarbamate on the addition of copper sulfate 
and hydroquinone, whereas solutions of thiuram monosulfide under the same 
conditions give a dark brown precipitate that forms only very slowly. Now if, 
in the above case, one treats the extracts of the vulcanizates in a water and 
acetone solution with copper sulfate and hydroquinone, after first destroying 
with acid the dithiocarbamate, which again forms in considerable amount, there 
develops only after a rather long time a brown precipitate. This is doubtless a 
result of thiuram monosulfide that is still present. Thus the additional sup- 
position can be made that the thiuram disulfide, insofar as it is formed under 
the conditions of vulcanization, and it must be, is immediately used up by the 
rubber. 

Thus, in order to obtain a complete understanding of this vulcanization 
reaction, one should follow by measurement two processes: (1) the decrease 
with time of the concentration of the thiuram monosulfide and of the sulfur in 
the vulcanizate, presumably a bimolecular reaction, and (2) the increase with 
time of the concentration of the zinc dithiocarbamate. In the following exposi- 
tion we deal first with the formation of the zine dithiocarbamate, since the re- 
sults which were obtained in this connection already make it possible to recog- 
nize what is the essential feature in the vulcanization of natural rubber with 
thiuram monosulfide and sulfur. 
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QUANTITATIVE RESULTS 


The vulcanization of natural rubber with tetramethylthiuram monosulfide 
and sulfur (1 gram-atom sulfur per mole of thiuram monosulfide) was carried 
out at 150°, 140°, 130°, 120°, 110°, 100°, and 90° C. The amounts of zine 
dithiocarbamate found in the vuleanizates prepared at these temperatures and 
at each temperature at a series of times of vulcanization, are given in Table 1, 
expressed in mole-per cent of the initial thiuram monosulfide. 


TABLE | 


Resvuvts or THE QUANTITATIVE ANALYSES OF ZINC DirHIOCARBAMATE IN EXTRACTS OF 
DIFFERENT VULCANIZATES Propucep BY MEANS or TeTRAMETHYLTHIURAM 
SULFIDE AND Sutrur. (Zinc IN MoLe-Per Cent or THE 
Appep MoNosuLripe.) 


ae of the mixture: 4.16 g. tetramethylthiuram monosulfide ; 0.64 g. sulfur, 
8.15 g. ZnO, and 187 g. pale crepe (10™* gram-atom 8 and 10~* mole thiuram monosulfide 
per gram of mixture). 


Dithiocarbamate in mole-"% at temperature (° C) 


(min.) 100° 110° 120° 130° 140° 


5 

10 12.2 
15 
20 
25 
30 
35 


51 
4 
14.5 
4.1 26.8 
14.1 13.0 
22.5 18.0 
52.6 
36.5 56.8 
40 2.2 15.9 45.5 = 
5O 43.6 
60 26.1 15.8 52.3 
70 4.2 18.7 51.5 63.0 ; 
80 33.8 55.5 Ee 
100 6.0 24.3 40.5 56.0 57.5 63.5 sy 
120 4.9 58.2 
130 8.5 28.3 59.0 i 
160 10.9 33.5 19.5 60.0 ie 
200 15.3 38.6 
210 62.5 
240 10.6 19.0 42.8 55.0 61.5 Me 
280 21.8 
300 63.3 
320 60.8 62.5 
340 50.3 
360 14.3 
400 28.5 63.7 
480 17.8 
540 38.3 
600 22.7 a 
720 25.7 42.4 61.6 64.0 65.0 
900 50.1 64.5 
1200 37.7 
1260 55.6 ae 
1620 61.5 
1800 61.0 
2000 67.1 
2100 51.6 
2160 64.9 
2880 67.2 a 
3000 58.0 
4200 65.3 
6000 69.5 (7) 
9000 71.5 (7) 
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Figure 1 shows the conversion curves. The abscissa gives the vulcanization 
time in minutes, the ordinate the zinc dithiocarbamate in mole-per cent of the 
initial thiuram monosulfide. Two molds were used, a and b, of different size 
but of similar type (weight of the forms a and b, 5.2 and 0.9 kg., respectively). 
Because of the difference in the “warm-up time’’ caused by this, i.e., the time 
from the instant the molds were put into the thermostat until the test tempera- 
ture was attained in the interior, the curves designated by “a” or “b” are only 
in the proper order with respect to each other. For this reason, moreover, the 
results obtained at the vulcanization temperature of 140° C (see Table 1) are 
not given in Figure 1. They were obtained by using form a, and give a conver- 
sion curve which would approach too closely to the curve found for the results 
obtained with form b at 130° C. 

In spite of the relations caused by the discrepancy in the warm-up times 
resulting from the use of forms of different weight, Figure | shows the essential 
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Fic. 1. Increase of concentration of zine dithiocarbamate with time of vulcanization at different 
temperatures (vuleanization with thiuram monosulfide and sulfur) 


features. As in the vulcanization by thiuram disulfides, we have the formation 
of zine dithiocarbamate, which increases with the reaction time, and the higher 
the vulcanization temperature, the more rapidly it proceeds. It is evident that 
all the conversion curves again approach a common limiting value, a fact that 
is especially clear when one looks at the curves for 110°, 120°, 130°, and 150° C. 
On closer inspection of the conversion curves for 100° and 90° C, however, 
slight differences can be seen between the thiuram disulfide vulcanization and 
that produced by thiuram monosulfide and sulfur (see the conversion curves of 
our earlier papers). The curve for 100° C, for example, shows in the region of 
short vulcanization times a slight sag toward the abscissa ; that is, the formation 
of dithiocarbamate here evidently takes place a little more slowly than one 
would expect if the same conditions prevailed in every respect as in the vul- 
canization with thiuram disulfide. To be sure, this deviation shows up less 
distinctly at 90° C. It is evidently caused by a reaction of the monosulfide 
with sulfur, which precedes the formation of the dithiocarbamate and which is 
certainly a bimolecular reaction. This may proceed relatively slowly at lower 
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temperatures and, hence, have some influence on the characteristics of the 
conversion curves. 

Figure 2, in which the abscissa is the reciprocal of the vulcanization time, 
the ordinate is the logarithm of the mole-per cent of zine dithiocarbamate, 
makes it clear that, as in the vulcanization of natural rubber with thiuram 
monosulfide and sulfur, about 66 mole-per cent of zine dithiocarbamate is 
formed, independent of the temperature. But this must presumably be re- 
garded as proof that vulcanization by thiuram monosulfide and sulfur is nothing 
else than vulcanization by thiuram disulfide. Otherwise, one could not explain 
why the same relationships obtain as in the vulcanization with thiuram disul- 
fides. There we may also conclude that the thiuram monosulfide together with 
sulfur is quantitatively converted to thiuram disulfide, that is, it enters into 
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Fie. 2.—-Demonastration that the limiting value of the yield of zine dithiocarbamate 
is practically independent of the temperature 


no other reactions and also undergoes no thermal splitting. For if this were 
the case, the limiting value of the dithiocarbamate yield would have to be 
smaller. The complete conversion of the thiuram monosulfide with sulfur, 
which is a conclusion made necessary by the experimental results, must be 
emphasized, since, in the vuleanizates which have not reacted to completion, 
zine dithiocarbamate occurs along with thiuram monosulfide and sulfur, and 
it would therefore be entirely possible that the thiuram vulcanization would be 
masked by a vulcanization of the rubber by sulfur, accelerated by zine dithio- 
carbamate, which would unquestionably bring about other relationships 
But, as one sees, this is not the case, at any rate provided the thiuram mono- 
sulfide and sulfur are present in the proportions corresponding to the formation 
of thiuram disulfide. Whether, on the other hand, the relationships change if 
the proportions of the two components become incommensurable would have to 
be learned from further studies, 
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Figures 3 and 4, in which the abscissa is the vulcanization time in minutes, 
the ordinate the logarithm of the concentration of the zinc dithiocarbamate 
(66.6 — z) in mole-per cent, show that the formation of dithiocarbamate in the 
present case can be similarly described, over an extended range of different 
concentrations, as a first-order reaction. Departures from this, which show up 
especially clearly at 120° and 140° C (Figure 3) and at 130° and 150° C (Figure 
4), can be interpreted, as we established in another paper*, as a consequence of 
the influence on the vulcanization of the diffusion of the reaction partners in the 
highly viscous medium. 

In Figure 3 the results of all the series of experiments carried out with the 
use of the larger mold are presented graphically. The curves do not intersect 
the ordinate for t = 0 at 66 mole-per cent, but instead reach the limiting value 
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~Formation of zine dithiocarbamate in the vulcanization of rubber with thiuram monosulfide and 
sulfur as a first-order reaction. Experiments with form a. With a warm-up period. 


of the dithiocarbamate formation at finite values of t. This is, without doubt, 
to be attributed to the fact that a measurable time elapses before the material 
in the interior of the mold has reached the vulcanization temperature. This 
time depends on the temperature at which the experiment is carried out, and is 
greater the lower the temperature. In the plots of the experimental results 
according to a conversion of the first order, the only effect of the existence of a 
warm-up time is to displace the curves along the axis. 

Figure 4, on the other hand, shows that in experiments with the much 
smaller form, b, the warm-up times are no longer apparent, for the linear por- 
tions of the curves can be extended to intersect the ordinate at 66 mole-per cent. 
It is seen that the errors, which can always arise by reason of the heating up of 
the molds in vulcanizations carried out in this way, and which make the precise 
time of the start of the reaction uncertain, can be reduced to a minimum by us- 
ing sufficiently small molds. We could also have made the conditions still 
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Fie, 4.—-Formation of zine dithiocarbamate in the vulcanization of rubber with thiuram monosulfide and 
sulfur as a first-order reaction. Experiments with form 6. With no warm-up period 


more favorable by using thermostats of larger volume. This was, however, not 
practicable. 

The fact that a warm-up time is observed in the investigations described 
here under suitable conditions, whereas it is not noticeable in the vulcanization 
with thiuram disulfides? must, moreover, be related to the formation of thiuram 
disulfide from thiuram monosulfide and sulfur as a preliminary stage to actual 
vulcanization. As has been shown also in the present case, the thiuram disul- 
fide which effects the vulcanization must only be formed progressively in the 
course of the reaction. Its initial concentration is zero. If, on the other hand, 
vulcanization is made with thiuram disulfide, then the vulcanizing agent is 
present in advance in high concentration, and the error resulting from the warm 
up time must necessarily be smaller. Moreover it will possibly be partially 
compensated by a slight formation of dithiocarbamate in the mixing itself 

It is remarkable that the formation of zine dithiocarbamate in the vuleaniza- 
tion of natural rubber by thiuram disulfides, as well as in the interaction of 
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VeLociry CONSTANTS OF THE FORMATION OF DITHIOCARBAMATE IN THE VULCANIZATION 
ov TeTRAMETHYLTHIURAM MOoONOSULFIDE AND SULFUR 
(1 Morte Tururam Monosucripe per Gram-Arom or SuLrur) 


Temperature Reaction velocity constants hoc 
(* C) 


90° 6.92 * 10 
100° 1.51 XK 10 
110° 1.25 K 10 
120° 1.10 K 10 
130° 2.11 10 
140° 5.64 10% 
150° 6.70 10 
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geraniol with thiuram disulfide, is a reaction of the first order, for one must take 
into consideration that it is the result of the decomposition of an intermediate 
compound, which must be assumed to exist, since in both cases the thiuram 
disulfide disappears more rapidly with time than the dithiocarbamate is pro- 
duced. Still more surprising is the fact that the dithiocarbamate formation 
can still be described as a first-order reaction, even when the interaction of the 
thiuram monosulfide with sulfur precedes vulcanization. Even the deviation 
from the normal characteristics of the other curves that is peculiar to the con- 
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Fic. 5.--Temperature dependence of the velocity constants of the formation of dithiocarbamate in 
vuleanization with thiuram monosulfide and sulfur (curve I) and in vuleanization with tetramethyl-, tetra- 
ethyl-, and tetrapropylthiuram disulfides (curves II, and IV) 


version curve for 100° C (Figure 1) has no notable influence on the plotting of 
the experimental results according to a reaction of the first order. 

It is only when one examines the velocity constants of Table 2 calculated 
from the values of Table | and the curves of Figures 3 and 4 with respect to their 
temperature dependence that the influence of the earlier reaction becomes 
evident. This is shown by Figure 5, in which the ordinate gives the logarithm 
of the velocity constants kpc, the abscissa the reciprocal of the absolute temper- 
ature. 

It is noted that the velocity constants of the dithiocarbamate formation in 
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the vulcanization with thiuram monosulfide and sulfur (curve I) are greater 
than those in the vulcanization with tetramethy!thiuram disulfide (curve II). 
This may be explained in one way on the basis that the number of configura- 
tions favorable to the reaction is greater when monosulfide and sulfur are 
present than when the disulfide is introduced initially (frequency factor). 
Such an interpretation is in harmony with the fact that, in this temperature 
region, the preliminary reaction is still without influence on the energy rela- 
tionships, for between 120° and 150° C the velocity constants lie on a straight 
line (I) which runs parallel to the curves II, III, and IV, namely, to the temper- 
ature functions of the velocity constants of the dithiocarbamate formation in 
the vulcanization with tetramethyl-, tetraethyl-, and tetrapropylthiuram disul- 
fide*. In this region, therefore, the same relationships with respect to energy, 
hold as in thiuram disulfide vuleanization. This only serves to emphasize the 
conclusions already drawn from the results of the present investigation. But 
at temperatures below 120° C, significant departures occur. The temperature 
dependence of the velocity constants here no longer follows the straight line (I) ; 
instead there is a different larger energy of activation. The energy relation- 
ships are changed. Under the conditions this can only be an influence of the 
preliminary reaction of the thiuram monosulfide with sulfur’. We do not care 
at present, however, to attempt any detailed explanation of this phenomenon. 
Moreover it does not affect the result which has been of primary interest to us, 
according to which, in vulcanization by thiuram monosulfide, the real vuleaniz- 
ation is fundamentally one produced by thiuram disulfide. 


THE PROBLEM OF THE CHEMISTRY 
OF THIURAM VULCANIZATION 


The vulcanization of natural rubber by thiuram disulfides as well as by 
mixtures of thiuram monsulfide and sulfur has, ever since its discovery, been 
the object of numerous investigations, both in this and in other countries’. 
The interpretation which has been tenaciously held is the one according to 
which what happens is a result of transformations of the unquestionably very 
sensitive and very reactive thiuram compounds but where free sulfur is the 
final vulcanizing agent. 

Unfortunately, in the researches into the vulcanization mechanisms, the 
conventional physical and technical properties of the vuleanizates have gener- 
ally been used as criteria, and too little effort has been made to gain an insight 
into the chemical transformations which come into play in vulcanization. 
Quite apart from the fact that a modulus measured in the usual way, for ex- 
ample, does not reflect exclusively the changes produced by vulcanization in 
the supermolecular structure of the rubber, it is certainly very questionable 
whether the course of the chemical reactions occurring during vulcanization 
are reflected in the variation of the modulus with length of vulcanization time. 
Nevertheless Craig and his coworkers’ have recently studied the chemical 
properties of thiuram compounds more intensively, and, on the basis of the 
results obtained, they have taken a stand with regard to the question of the 
mechanism of thiuram vulcanization. For isolating the compounds formed in 
the course of the vulcanization, they used the short-path distillation. We are 
not, to be sure, fully convinced that this is applicable in this case. Their pub- 
lications also lack clarity, so that it is hard to grasp the authors’ concept 
Nevertheless we believe we can infer from their accounts that they too assume 
that thiuram vulcanization is essentially brought about by sulfur. 
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REACTION MECHANISMS OF THIURAM VULCANIZATION ACCORDING 
TO CRAIG AND COWORKERS 
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(9) 2 >N-C~SH + ZnO —* H,O0 >N-C-S 


In the proposed mechanism developed by Craig and his coworkers, an im- 
portant role seems to be played by the assumption, which is made by other 
experimenters as well, that a slight amount of hydrogen sulfide is formed (H.S 
initiation). The authors claim that the hydrogen sulfide, along with other 
products, can be formed in the course of a direct interaction of the thiuram 
disulfide with a-methylene groups of the polyisoprene chain molecules. But 
for this, however, it is necessary, in our opinion, to assume that thiuram disul- 
fide breaks down into thiuram monosulfide and sulfur and that the sulfur de- 
hydrogenates the macromolecules. However that may be, in the presence of 
zine oxide the concentration of the hydrogen sulfide is supposed to be slight, 
but nevertheless sufficient to produce an appreciable interaction with thiuram 
disulfide (1) (see the collection of formulas). Then the sulfur which appears 
along with dithiocarbamic acid or dialkylammonium dithiocarbamate (2) as 
well as dialky! amine (3) and carbon disulfide is supposed to interact with 
thiuram disulfide to form thiuram trisulfide (4), whose existence, to be sure, 
could not be demonstrated. Then the authors postulate that this will come 
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into equilibrium with thiuram monosulfide and free radicals of the 8, (5). In 
addition to all this, they also consider possible a reaction of the thiuram tri- 
sulfide with hydrogen sulfide, a reaction analogous to (1), with the subsequent 
reaction corresponding to (7) analogous to (6). 

It is seen that Craig and coworkers believe the sulfur, which in their view is 
what principally brings about the cross-linking even in thiuram vulcanization 
is produced along with other products by conversions (5) and (6). However, 
they also discuss an equilibrium between thiuram disulfide, thiuram monosul- 
fide, and thiuram trisulfide (8), which furnishes the sulfur necessary for their 
theory of thiuram vulcanization, even without initiation of the total process by 
hydrogen sulfide, namely, by the splitting of the thiuram trisulfide in (8) ac- 
cording to reaction (5) into monosulfide and sulfur. This process is not cap- 
able, however, of accounting for the formation of the principal, if not indeed the 
only reaction product in thiuram vulcanization, namely, dithiocarbamie acid, 
unless it is also assumed that the sulfur being formed also has a simultaneous 
dehydrogenating action on the rubber. 

The formation of secondary amine, in accordance with reactions (2), (3), 
and (7), could, if we have correctly understood the exposition of Craig, oceur 
especially in the absence of zinc oxide, but then be subject to further interac- 
tions with thiuram disulfide, which would be without vulcanizing effect (‘‘vul- 
-anization-indifferent’’) ; for useful vuleanizates are obtained in the absence of 
zine oxide only with high concentrations of thiuram disulfide. On the other 
hand, in the presence of zine oxide, there can hardly be a formation of second- 
ary amine. One must certainly expect that the dithiocarbamic acid formed in 
the course of reactions (1) and (6) will then be combined as zine dithiocarba- 
mate (9). We believe, therefore, that, in thiuram vulcanization, one cannot 
speak of zinc oxide as an activator, but it has, in our opinion, only the function 
of combining with the dithioearbamie acid, which would otherwise cause unde- 
sired side reactions. Thus it is better described as a basic raw material. 

With this interpretation of thiuram vulcanization as it has been developed 
by Craig and coworkers and sketched here in rough outlines, it would hardly be 
possible to account for the quantitative results of our investigation in this field. 
One is faced with the problem of having to explain, by a dubious reaction, not 
only the conversion of thiuram disulfide, but now, in addition, that of the 
monosulfide as well to zine dithiocarbamate. The conversion of the thiuram 
disulfide is considerable, amounting to about 66 mole-per cent, and is independ- 
ent of the temperature. Zine dithiocarbamate is the principal extractable 
reaction product of thiuram vulcanization. This dubious reaction, which has 
certainly not been established and is, therefore, in our opinion a hypothetical 
one, is the formation of hydrogen sulfide and its reaction with thiuram disulfide 
according to reaction (1). Even if it is assumed that the sulfur appearing in 
the course of the conversions postulated by Craig and coworkers can act not 
only to form bridges but also to dehydrogenate, the conversion of the hydrogen 
sulfide that appears during the dehydrogenation will only be negligible, for one 
must certainly reckon with the fact that most of it would be combined with the 
zine oxide to form the sulfide. Moreover, Craig and coworkers themselves 
explain that the hydrogen sulfide concentration at any instant needs to be only 
slight, and in the presence of zine oxide will indeed be so. For this reason, 
however, we believe that the formation of such large amounts of dithiocarba- 
mate in a vulcanization carried out with zine oxide present can hardly be re- 
garded as produced by a reaction of hydrogen sulfide with thiuram disulfide 
Besides this, no experimental proof can be found that makes the formation of 
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hydrogen sulfide seem probable, and, in our opinion, there is no compelling 
reason for such an assumption. 

One can certainly better explain the formation of the thiocarbamiec acid by a 
reaction of the free radicals of the thiuram disulfide (—N—C (S)—S*) with the 
a-methylene groups of the polyisoprene. The thiuram free radicals here go 
over into dithiocarbamie acid, which combines as zinc dithiocarbamate. Be- 
sides this, polyisoprene free radicals appear and play a role in the cross-linking. 
Kven though we still cannot make any definitive statement as to how the reac- 
tion of the thiuram free radicals with the rubber takes place, a reaction which 
moreover cannot be exclusively one of dehydrogenation, and how a two-thirds 
conversion of the thiuram disulfide to dithiocarbamate results, we should like, 
nevertheless, to point out that our concept is worthy of discussion because there 
exists a certain analogy between the reaction of thiuram disulfide and that of 
benzoy] peroxide with natural rubber. 

According to more recent investigations in our institute!', benzoyl peroxide, 
like thiuram disulfide, also decreases during vulcanization according to a first- 
order reaction, and whereas dithiocarbamic acid is formed in thiuram vul- 
canization, in the peroxide vulcanization benzoic acid is produced, and in fact, 
as is true of the dithiocarbamic acid in thiuram vulcanization, also according to 
a first-order reaction. The formation of the dithiocarbamic acid takes place 
more slowly than the decrease of concentration of the thiuram disulfide. In a 
corresponding manner, in the peroxide vulcanization, the appearance of benzoic 
acid is the slower process. A portion of the benzoyloxy radicals remain bound 
in the rubber'?, and the possibility that, in thiuram vulcanization, thiuram-free 
radicals remain bound in the vulcanizate is not to be dismissed in view of the 
combined sulfur content of the extracted thiuram vulcanizates. Thus the 
analogy of the two vulcanization reactions is unmistakable. 

Now it seems that it can hardly be doubted that the vulcanization of rubber 
by peroxides is a polymerization induced by the particular peroxide of the 1.5 
diene units of the polyisoprene, and therefore, because of the formal analogy 
between thiuram and peroxide vulcanization with respect to kinetic relation- 
ships, we are led to suppose that thiuram vulcanization is to be conceived, 
qualitatively at any rate, as like peroxide vulcanization". 

Coming back to the further reactions formulated by Craig and coworkers, 
we do not consider their course during vulcanization as probable. If, for 
example, we assume that reactions (4) and (5) were essential processes in 
thiuram vulcanization, then we should expect that the extracts of the vul- 
canizates would contain amounts of thiuram monosulfide which increase with 
increase of the time of the reaction, for the formulations finally imply that 
thiuram disulfide is to act as sulfur transmitter. On the contrary, neither we 
nor Jarrijon* were able to detect thiuram monosulfide in the extracts. Besides 
this, the results of the present investigation show that thiuram monosulfide in 
the vulcanization with sulfur goes over into thiuram disulfide, and only this 
can be the vulcanizing agent. For, to stress this once more, vulcanization by 
thiuram monosulfide and sulfur gives the same relationships as those in the 
vulcanization with thiuram disulfide. If, however, one adheres to the idea of 
the simultaneous occurrence of all the reactions (1) through (8) discussed by 
Craig and coworkers, then, as is easily seen, it cannot be understood why the 
final dithiocarbamate yield is so large and why it is practically independent of 
the temperature. 

In conclusion, we should thus like to express the fact that we cannot sub- 
scribe to the mechanism of thiuram vulcanization developed by Craig and co- 
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workers, a mechanism, which to be sure, does not differ essentially from that 
which has long prevailed. Although we certainly value highly the careful 
study of the reactions of thiuram compounds made by Craig and coworkers, we 
‘annot accept the concept according to which thiuram vulcanization is sup- 
posed to involve principally vulcanization by sulfur. That we for the present 
have no occasion to accept it must be clear to every careful reader of our works. 
We should like, on the contrary, to ask that it be considered whether it is not 
better to discuss a polymerization of the polyisoprene induced by free radicals 
of the thiuram disulfide, in which both double bonds and also a-methylene 
groups are attacked by the free radicals. 


SUMMARY 


The vulcanization of natural rubber (pale crepe) by tetramethylthiuram 
monosulfide and sulfur (1 mole monosulfide per gram-atom of sulfur) has been 
studied in the temperature range from 90° to 150° C. The following results 
were obtained : 


1. During vulcanization, the concentration of the thiuram monosulfide and 
also of the sulfur decreases. 

2. In accordance with a first-order reaction, about 66 mole-per cent of zine 
dithiocarbamate is formed (calculated on the amount of thiuram monosulfide 
added). Thus the same relationships were found as in vulcanization with 
thiuram disulfides. 

3. The vulcanization of rubber with thiuram monosulfide and sulfur is, 
therefore, nothing else than vuleanization by thiuram disulfide, whose quanti- 
tative formation precedes the actual vulcanization reaction. 

4. In no stage of vulcanization could thiuram disulfide be detected with 
certainty in the extracts of the vuleanizates. It must be assumed, therefore, 
that it reacts with the rubber instantly after it is formed. 

5. The velocity constants derived for the dithiocarbamate formation at the 
various temperatures both from the experimental results and from the graphical 
presentations have been given, and their temperature dependence has been dis- 
cussed, At lower temperatures, the influence of the prior interaction of the 
monosulfide with sulfur makes its influence on the energy relationships felt. 

6. It is once more emphasized that in thiuram vulcanization it cannot be a 
question of a vulcanization with sulfur. In this connection we take a decided 
stand also with regard to the results of the more recent investigations of Craig 
and his coworkers 
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MECHANISM OF THE EXCHANGE REACTION 
OF ELEMENTAL SULFUR WITH 
MERCAPTOBENZOTHIAZOLE * 


G. A. Buoku, A. GotuspKkova, AND G. P. MIKLUKHIN 


L. V. Prsanznevexi! Inerrrere or Cuemtisray, 
Ineriture or Licut Kiev, USSR 


As was shown in our preceding study', a rapid exchange of sulfur atoms 
takes place between elemental sulfur and 2-mercaptobenzothiazole at tempera- 
tures corresponding to the conditions of vulcanization of rubber. This indi- 
cates the existence of a reaction between the atoms, and also the formation 
during this reaction of some kind of intermediate compounds. On the basis of 
the experimental data, it was established that only one of the sulfur atoms of 
mercaptobenzothiazole enters into the exchange reaction. 

It was natural to assume, in view of the technical properties of derivatives of 
mercaptobenzothiazole and its own chemical properties, that the sulfur of the 
sulfhydryl group takes part in the reaction. In fact, as is shown in another 
study’, 2-mercaptobenzoxazole (I) has a stronger accelerating effect during 
vulcanization than 2-aminobenzothiazole (II) or 2-oxybenzothiazole (III). 


N N 


/ > A 
CH, “C—NH; (I) CH, ‘C—OH (III) 


8 


Furthermore, it is known that the sulfur in the sulfhydryl group of mercap- 
tobenzothiazole and its derivatives is considerably more mobile than the sulfur 
in the ring, and is easily converted into other substituents. 

However, our assumption required experimental confirmation. For this 
purpose, we oxidized mercaptobenzothiazole, after exchange with radioactive 
elemental sulfur, with potassium permanganate in an alkaline solution by the 
method of Efros and Davidenkov’. 

Seven-tenths gram of active mercaptobenzothiazole was dissolved in a solu- 
tion of 0.3 gram of potassium hydroxide in 5 cc. of water. The homogeneous 
mixture obtained was stirred continuously, and 14 cc. of a 10 per cent water 
solution of potassium permanganate, kept at 50-60°, was added. After 3 hours 
the solution was made colorless by the addition of a very small amount of 
oxalic acid, then acidified with hydrochloric acid (Congo red reaction), and then 
boiled until the odor of sulfur dioxide disappeared. The crystals of 2-oxybenzo- 
thiazole (III) precipitated during cooling were recrystallized from water, and 
then had a melting temperature of 135°. 

The activity of 1 mg. of the original 2-mercaptobenzothiazole was 400 
counts per minute; 2-oxybenzothiazole gave 23 per minute per mg. The read 
ing of the counter itself was equal to 24 counts per minute. Consequently 


* Translated for Rewsen Cuemisrry Tecunovody from the Doklady Akademil Nauk SSSK, Vol 
00, No. 2, pages 201-204 (1953) 
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there is no active sulfur present in 2-oxybenzothiazole. These data clearly show 
that only the sulfur atoms from the sulfhydryl group of 2-mercaptobenzothi- 
azole enter into the exchange reaction with sulfur. 

In order to investigate this reaction more thoroughly, we studied the ex- 
change between elemental sulfur and benzothiazole derivatives which do not 
contain mercapto groups. The following experiments were carried out. 


1. Active sulfur and 2-aminobenzothiazole (II), in equal proportions by 
weight, were fused at 140° for 15, 30, and 75 minutes, and also at 150° for 45 
minutes. The 2-aminobenzothiazole was separated from the mixture by dis- 
solving it in water and then evaporating the solution in a water bath. The 
product obtained was dried to constant weight, and its activity was measured 
with a Geiger-Miiller counter. 

The following results were obtained : 

Number of counts per 
minute per mg. 
Activity of original sulfur 
Activity of 2-aminobenzothiazole, separated 
from fusion after heating at 140°: 


15 minutes 
30 minutes 
75 minutes 


Dial reading of counter 15 

Activity of 2-aminobenzothiazole separated from 
fusion after heating for 45 minutes at 150° 

Dial reading of counter 


2. Elemental active sulfur was heated with 2-methylbenzothiazole (equal 
proportions by weight) at 137° for 15 minutes. The 2-methylbenzene was 
separated from the mixture by distillation in a vacuum. 

‘he results of the measurement of activity were: 
Th Its of the 1 urement of activity w 
Number of counts per 
minute per mg 


Activity of original sulfur 172 
Activity of 2-methylbenzothiazole 28 
Dia! reading of counter 28 


From this series of experiments it is evident that the sulfur in the thiazole 
ring of benzothiazole derivatives is not capable of an exchange reaction with the 
elemental sulfur in the time and temperature range studied. All these experi- 
ments confirm our basic premise that only the sulfur of the sulfhydryl] group of 
mercaptobenzothiazole takes part in exchange reactions with sulfur. 

On the other hand, 2-mercaptobenzoimidazole (IV), used as an age resistor 
in colored vulcanizates, although containing a sulfhydryl group, does not take 
part in exchange reactions with sulfur at vulcanization temperature. 


N 


CH. (IV) 
NH 


2-Mercaptobenzoimidazole (0.1 gram) was fused with active sulfur (0.2 


gram) at 172° for 30 minutes. The mercaptobenzoimidazole was separated 
from the mixture, after the latter had been finely ground, by extraction with a 


15 
16 
16 
15-16 
37 
35 
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5 per cent water solution of sodium hydroxide, followed by neutralization of the 
extract with hydrochloric acid. The product separated was filtered, rinsed, 
and dried. 

The results of measurement of the activity of the compounds follow: 


Number of counts per 
minute per mg. 


Activity of original sulfur 280 
Activity of 2-mercaptobenzoimidazole 21 
Dial reading of counter 21 


The absence of an exchange reaction in this case can be explained by the high 
melting point of 2-mercaptobenzoimidazole (270-272°). According to our 
preliminary experiments, a noticeable exchange with elemental sulfur is already 
observed at a temperature about 250°. 

On the basis of the results of our experiments as presented above, it is 
possible to assume the following mechanism of exchange reactions between 
elemental sulfur and mercaptobenzothiazole. We ascribe the exchange to the 
tautomerization of 2-mercaptobenzothiazole (V) into a thionie structure, 
forming an intermediate di- or polythionic complex with the elemental sulfur 
(VII). 

N NH 
oN + 
CoH, SH 2 C,H, sO 


(VII) 


CH... 
(VID) 


Preliminary conversion into a thionic structure is in fact necessary, since 
2-benzylmercaptobenzothiazole (VIII), being incapable of such tautomeriza- 
tion, does not exchange its sulfur atoms with the elemental sulfur. When 
active sulfur (0.1 gram) is fused with 2-benzylmercaptobenzothiazole (0.7 
gram) in a sealed tube at 150°, the ether separated from the mixture contains no 


active sulfur, as is seen from the data below. 


Number of counts per 
minute per mg. 
Activity of ether separated from mixture 


without heating 24 
heated to 40° 22 
heated to 150°, 4 hour 17 
heated to 150°, 1 hour 35 


heated to 150°, 3 hours 42 


The original sulfur gave 2800 counts in 10 minutes per mg. The ether 
separated from the mixture after heating for 3 hours at 150° and repeated re- 
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erystallization from 60 per cent alcohol gave 26 counts in 10 minutes per mg. 
All the data allow for the dial reading of the counter. 

The ether was separated from the mixture by extracting with an 80 per cent 
hot aleohol-water solution. When the ether is separated as described, a smal! 
amount of active sulfur remains in it, as is seen from the data on the activity of 
ether extracted from the mixture without heating. However, when the mix- 
tures are heated, the activity of the ether does not increase; this indicates the 
absence of exchange reactions. It should be noted that 2-benzylmercapto- 
benzothiazole has no accelerating effect on the vuleanization of rubber, as 
Zeide and Galanov have shown‘. 

The possibility of sulfur exchange in the C==S bonds was studied by the 
authors for the case of exchange reactions of sulfur with thiourea. For this 
purpose, active sulfur (0.11 gram) was fused with thiourea (0.25 gram) at 183° 
for 30 and 60 minutes. The thiourea was separated from the sulfur by extrac- 
tion of the fusion mixtures with water. 


The following results were obtained : 
Number of counts per 
minute per mg. 

Activity of sulfur from fusion after heating 

for 30 minutes at 183° 
Activity of thiourea from same fusion 
Activity of sulfur from fusion after heating 

for 60 minutes at 183° 
Activity of thiourea from same fusion 
Dial reading of counter 


These data indicate an intensive exchange of sulfur atoms between thiourea 
and elemental sulfur. 


The mechanism of exchange reaction proposed above must be regarded as a 
working hypothesis. It must be confirmed by further experiments. 


ACKNOWLEDGMENT 


We thank A. I. Brodski, active member of the Academy of Sciences of the 
USSR, in whose laboratory this study was made, for his assistance. 


REFERENCES 


' Blokh, Golubkova, and Miklukhin, Doklady Akad. Nauk SSSR 86, 569 (1952). 
* Bebrell and Boord, Ind. Eng. Chem. 15, 1009 (1923) 

* Pfros and Davidenkov, Zhur. Obshchel Khim. 41, 2046 (1951). 

* Zeide and Galanov, Zhur. Rezinovol Prom. $, 555 (1936) 


THE MOBILITY OF SULFUR BONDS IN 
SOFT RUBBER AND EBONITE * 


G. A. L. F. CHuprina 


Kiev Inerirure or Lianr Inoveray, Krev, USSR 


Much attention has been devoted to the problem of the sulfur and oxygen 
bonds in vulcanized rubber in numerous studies of both Soviet and foreign 
scholars. In the Soviet Union, the works of a large group of investigators, 
including B. A. Dogadkin, A. D. Zafonchovskil, P. A. Rebinder, A. P. Pisarenko, 
A. 8. Kuzminskil, and others, have dealt with this problem. 

The nature of the sulfur structures formed in soft vuleanized rubbers de- 
pends on a number of factors, including the nature of the accelerators. It was 
shown in one work! that sulfur vulcanization in the absence of sulfur-bearing 
accelerators leads to the formation of relatively weak polysulfide bonds. We 
assume that here a group of different polysulfide bonds is formed at the expense 
of the passage of octatomic ring sulfur structures into open linear sulfur radicals. 
For vulcanized rubbers which contain sulfur and diphenylguanidine in their 
recipe, the group of polysulfide bonds evidently constitutes an excellent eri- 
terion of their characteristic vulcanization structures. A number of rubber 
products, including cable and insulation rubbers, which do not contain sulfur 
as a vulcanizing agent are also known. In this case vulcanization takes place 
at the expense of the decomposition of tetramethylthiuram disulfide (thiuram 
vulcanization). Here stronger intermolecular monosulfide sulfur bonds are 
formed at the expense of the atomic sulfur, which is liberated during the de- 
composition of thiuram: 

| 

The sulfur structures are altogether different in the case of ebonite?. The 
structure of natural-rubber ebonite has been studied by the method of pyroly- 
sis. Study of the products of pyrolysis of ebonite has shown that, in ebonite, 
the sulfur is bound intramolecularly with the tertiary carbon atom, that is, the 
sulfur atom unites not two neighboring carbon atoms, but those separated from 
each other by two methylene groups, forming thiophene groups in the ebonite 
structure. 


| 


CH, CH, CH, 


| 


| | 

The structure of the sulfur bonds in synthetic-rubber ebonites has not been 
studied. 


* Translated for Russen Curmisray ann Tecuno oar from the Doklady Akademil Nauk SSSR, Vol. 
90, No. 5, pages 575-760 (1954). 
67 


fig 
af 
a 


RUBBER CHEMISTRY AND TECHNOLOGY 


The differences between the structures of the sulfur bonds of soft vulcanized 
rubbers and ebonites must also be reflected in the mobility of these bonds. In 
a previous work® we showed, by means of radioisotopic sulfur, that vuleanizates 
of natural rubber and synthetic rubbers (SKB, SKS-30) prepared with only 
radiosulfur or sulfur and diphenylguanidine, were characterized by the presence 
of mobile polysulfide sulfur. Radiovulcanizates from which the free sulfur had 
been eliminated by prolonged extraction with acetone were then boiled in alco- 
hol and xylene solutions of various non-radioactive accelerators (mercapto- 
benzothiazole, benzothiazolyl disulfide, tetramethylthiuram disulfide, sodium 
carbamate, sulfenamide, etc.). The above mentioned accelerators were then 
found to be radioactive. This indicates the existence of exchange reactions 
(the percentage of exchange varied within wide limits, and reached as high as 
12). It was shown that vulcanizates in which the polysulfide bonds were de- 
stroyed by prolonged boiling in a 10 per cent solution of sodium sulfite did not 
take part in the exchange reactions. 

The following study is devoted to the mobility of the bound sulfur in thiuram 
vuleanizates and ebonite. 


STUDY OF THIURAM VULCANIZATES 


Thiuram vuleanizates were prepared (6 grams of tetramethylthiuram di- 
sulfide per 100 grams of polybutadiene rubber). The vulcanizates were ex- 
tracted with acetone for 50 hours in order to eliminate the sulfur-containing 
products of the decomposition of the thiuram compound. Failure to eliminate 
these products from the vulcanizate might lead to false conclusions about the 
mobility of monosulfide bound sulfur, since these products might take part in 
exchange reactions. In earlier works‘ it was shown that the sulfur atoms pres- 
ent in the tetramethylthiuram disulfide structure are intensively exchanged 
with both the free sulfur and the sulfur in the mercapto group of mercapto- 
benzothiazole. Mercaptobenzothiazole, labeled in the sulfhydryl group, was 
synthesized by a method described earlier’. In the same work it was first 
proved experimentally that only the sulfhydry! sulfur of mercaptobenzothiazole 
possesses mobility. The sulfur of the thiazole ring is immobile. Our con- 
clusions were repeated and confirmed in a later work®. 

The activity of the original tagged mercaptobenzothiazole after a Carius 
combustion, determined in the form of benzidine sulfate, was 600 impulses per 
mg. The finely divided thiuram vulcanizate was extracted with acetone and 
then boiled in a solution of labeled mercaptobenzothiazole in xylene for 24, 48, 
and 72 hours. Then the mercaptobenzothiazole was separated from the xylene 
solution and its activity was measured. The activity of extracted mercapto- 
benzothiazole after boiling for 24 hours, determined in the form of benzidine 
sulfate, was 580 impulses per mg. ; that is, it remained almost on a level with that 
of the original mercaptobenzothiazole. This demonstrates that the monosulfide- 
bound sulfur of a thiuram vulcanizate does not take part in exchange reactions. 
It was not possible to extract mercaptobenzothiazole from xylene solutions 
after boiling the vulcanizates for 48 and 72 hours. This indicates a possible 
chemical bond between mercaptobenzothiazole and rubber. Further experi- 
ments confirmed our hypothesis. A heat vuleanizate was prepared from poly- 
butadiene rubber (100 grams) and radioactive mercaptobenzothiazole (3 
grams). This was heated in an electric press for 120 minutes at 190° C. The 
sheets obtained were tested for radioactivity after every 8 hours of boiling in 
fresh lots of aleohol. Twelve alcohol extractions were made at 78° C, lasting 


MOBILITY OF SULFUR BONDS IN RUBBER 


TaBLe 


Duration of Radioactivity Duration of Radioactivity 
extraction of film extraction of film 
(hours) (imp. per mg.) (hours) (imp. per mg.) 
0 200 48 1 
16 93 96 80 


24 86 136 78 


altogether 104 hours, and two butyl alcohol extractions at 117°, lasting 32 
hours. It was not possible to extract the mercaptobenzothiazole from the 
sheets under these conditions, owing to their residual radioactivity. 

It is seen from the data in Table 1 that most of the mercaptobenzothiazole 
was eliminated from the sheets by alcohol extraction for 16 hours. After that, 
the activity of the sheets, taking into account the natural degradation, changed 
very little. This indicates partial union of mercaptobenzothiazole with the 
rubber structure. 


STUDY OF EBONTITES 


A specimen of unloaded ebonite, prepared by open-steam vulcanization of 
polybutadiene rubber and sulfur for 11 hours, was studied. The total sulfur 
content in the ebonite, determined by the Carius method, was 27.5 per cent. 
The sulfur content of the ebonite after extraction with acetone for 50 hours was 
25.4 per cent. The sulfur content after extraction with acetone for 50 hours 
and then boiling for 54 hours in a 10 per cent solution of sodium sulfite was 22 
per cent. The specimens, in the form of ebonite dust, after extraction with 
acetone, and also after extraction with acetone for 50 hours and boiling in a 10 
per cent solution of sodium sulfate, were boiled for various periods in an o-xylene 
solution of tagged mercaptobenzothiazole (1.1314 grams of ebonite was boiled 
in 150 ec. of xylene, in which 300 mg. of radioactive mercaptobenzothiazole 
had been dissolved). Then the mercaptobenzothiazole was extracted and 
incinerated by the Carius method, and its activity was determined in the form 
of benzidine sulfate. The activity of the original mercaptobenzothiazole was 
600 impulses per mg. The activity of the mercaptobenzothiazole after the 
ebonite specimens had been extracted for 50 hours with acetone and boiled for 
2 hours was 440 impulses per mg. The activity of mereaptobenzothiazole 
after the ebonite specimens were boiled for 3 hours and after both extraction for 
50 hours with acetone and boiling for 54 hours in a 10 per cent solution of 
sodium sulfate was 590 impulses per mg. 


2 


Transfer 
Experimental conditions (%) 


I, Ebonite after 50 hours’ extraction with acetone 


Ist Boiling: 120 min. at 144° C 26 
2nd Boiling: 240 min. at 144° C 99 
3rd Boiling: 360 min. at 144° C 8.0 


II. Ebonite after 50 hours’ extraction with acetone 
and 26 hours’ boiling in 10 per cent sodium 
sulfite solution 
Boiling 120 min. at 144° C 6.6 


III. Ebonite after 50 hours’ extraction with acetone 
and 54 hours’ boiling in 10 per cent sodium 
sulfite solution 

Boiling 180 min, at 144° C 


69 
5 
16 


RUBBER CHEMISTRY AND TECHNOLOGY 


The results of the exchange in ebonites after extraction with acetone for 50 
hours (see Table 2) can be attributed to the part played in the exchange by 
polysulfide sulfur and also, in part, by the residual free and adsorbed sulfur. 
Subsequent boiling of ebonite for 54 hours in a 10 per cent solution of sodium 
sulfite evidently made it possible to extract almost all the sulfur from the group 
of polysulfide bonds present, and also to extract all the possible free and adsorbed 
sulfur from ebonite. This makes exchange reactions practically impossible. 
Consequently, mobile polysulfide sulfur bonds are present in ebonite, along with 
intramolecular monosulfide sulfur bonds. 

On the basis of the data obtained, one can conclude that monosulfide bound 
sulfur in both thiuram vuleanizates and in ebonites is strongly bound and im- 
mobile, and does not take part in exchange reactions. 
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OXIDATION OF ORGANIC SULFIDES.* III. A SURVEY 
OF THE AUTOXIDIZABILITY OF MONOSULFIDES 


L. BaTEMAN AND J. I. CUNNEEN 


Barren Reeser Propvcers’ Reszarcn AassoctaTion, 
Wetwrw Garpen Crry, Herre, 


The reactivity of organic sulfides towards molecular oxygen has not hitherto 
been investigated, despite its relevance to important industrial problems. 
Chief among these is the oxidative aging of ordinary (sulfur-cured) rubber vul- 
‘anizates, and here the omission has been partly deliberate in the sense that a 
rational approach has only become possible with recent advances in the under- 
standing of the mode of sulfur combinations'. 

This paper reports a survey of autoxidizability of a number of saturated and 
unsaturated, cyclic and acyclic, monosulfides. We propose later to consider 
the influence of multi-sulfur linkages, the nature of the oxidation products, and 
the olefin-sulfide cooxidation system which a sulfur vuleanizate exemplifies. 


EXPERIMENTAL 


Alkyl- and Phenyl-substituted Sulfides.—Dibutyl, dibenzyl, and diphenyl 
sulfides were commercial specimens purified by conventional methods. Ben- 
zyl-n-propyl, methyl-l-phenyl-ethyl, and diphenylmethy! methyl! sulfides were 
synthesized by standard methods. n-Butyl, methyl, and ecyclohexylmethy! 
sulfides and 2-ethyl-2-methyl-5-tsopropylthiacyclopentane were kindly pro- 
vided by J. Ford, D. Barnard, and R. W. Glazebrook, respectively. The 
purified sulfides (see below) were characterized physically as shown in Table 1; 
their purity was checked by analysis in all cases, but these data are given for 
the new compounds only. 


TaBLe | 

C (%) H (%) 
B. p./mm n® Found Reqd. Found Reqd. Found Regd 
SMe 122.5°/760 1.4475 
Bu® -SBu® 71°/14 1.4525 
Cyclo-C,H;, 62.5°/13 1.4945 
CH,-CEtMe 


8 (I) 87°/10 1.4760 


JH, ~-CHPr' 
Ph-SPh 95° /0.02 1.6320 

Ph-CH,-SPr* 110°/12 1.5429 ‘ 19.5 19.6 
Ph-CH,-8-CH.Ph (M. p. 49.5°) — 

Ph-CHMe-8Me 89°/12 1.5510 71.1 9 21.1 21.0 
Ph,CH -SMe (M. p. 33°) 78.6 66 15.0 150 


* Reprinted from the Journal of the Chemical Society (London), Part III from No. 5916, pages 1596-1604, 
May 1955 and Part IV from No. 5917, pages 1996-2005, June 1955 
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TasLe 2 


C (%) H (%) 8 (%) 
B. p./mm. Found Reqd. Found Read. Found Reqd 


CH 8Bu* 73°/14 ~ 
(Cia: CH -CHy) 
CH: C CHMe -8Bu* 
"“HMe:CH -CH, -8Me 
CH, -BBU* 
1-CH, 8Ph 
‘HMe -8Me 
HMe-SPr* 
‘HMe -8Pr' 
-BBue 
‘HMe -8But 
R-8Me 
R-BEt 
R-SPr' 
R-8But 
R-8Ph 
oH 100°/0.05 
CH -CHy-8Ph (M. p. 77-78") 


! 


— 
Sonn 


x 


Allylic Acyclic Sulfides.—These were prepared by treatment of the corre- 
sponding allylic chloride or bromide with the sodium salt of the appropriate 
thiol in aleohol. Where necessary, the chlorides were subjected to high- 
efficiency fractionation to ensure isomeric homogeneity (tested by infrared 
spectroscopy). Conditions of halide replacement were chosen to ensure direct 
(Sy2) substitution. No difficulty was experienced with concomitant alcoholy- 
sis. The sulfides were washed with water and then fractionated through high- 
efficiency columns, and contained no detectable amounts of possible isomers as 
revealed by their infrared spectra. Their preparation by reaction of a halide 
with a suspension of the sodium salt of a thiol in benzene or toluene is to be 
avoided as the sulfide-hydrocarbon azeotropes often obtained on subsequent 
fractionation are difficult to separate. 

The cyclohexeny! and cinnamy! sulfides were kindly provided by F. W. 
Shipley? and D. Barnard, respectively. 

Physical properties and analyses are recorded in Table 2. 

Unsaturated Cyclic Sulfides.—The unsubstituted thiacyclohexenes were 
prepared by J. Ford according to published procedures; the synthesis of the 
remaining examples will be described elsewhere’. 

Treatment of Sulfides with Alumina.—Immediately before use, the neat 
sulfides were run through alumina in a silica tube under an atmosphere of 
oxygen-free nitrogen. The treatment eliminated variable induction periods 
and minor variations in oxidation rates. 

Other Materials.—-n-Butylcinnamy] sulfoxide, prepared and purified as de- 
scribed by Barnard and Hargrave‘, had m. p. 66°. Cinnamaldehyde (n3§ 
1.6195) and dibuty! disulfide (n7) 1.4934) were commercial samples purified by 


TABLE 3 


B. p./mm nf? B. p./mm 


142-5°/758 15330 ) 66°/10 


64°/10 


72 
9 588 99 31.1 31.3 
0 62.0 27.6 
4 (6.6 22.3 
4 66.6 22.4 
2 (8.3 20.3 
l 68.4 20.3 
9 74.1 18.0 
(11) 15280 
a 
| 36°/12 1-5346 (Vv) 14932 
S’ 
| 50°/10 15258 
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fractionation. 4-Ethylthiobutan-2-one (nj, 1.4724) and 3-ethylthiobutanal 
(n¥, 1.4750) were prepared by addition of ethanethiol to methylvinvy! ketone 
and crotonaldehyde, respectively. 

Commercial specimens of quinol (m. p. 170.5°), 2,6-di-tert.-butyl-p-cresol 
(OH = 1) (m. p. 69.5-70.5°), a-naphthol (m. p. 94.5°), and phenyl-6-naphthyl- 
amine (m. p. 107.5°) were recrystallized to constant m. p. aa’-Azoisobutyroni- 
trile was purified by successive precipitations from chloroform solutions with 
light petroleum. Benzoyl peroxide was purified, first by crystallization from 
ether, and then by precipitations from chloroform solution with methanol. 
tert.-Butyl and cyclohex-2-enyl hydroperoxides were of the purity described by 
Barnard and Hargrave’. 

Cobalt stearate was purchased from Messrs. Boake Roberts Ltd., and was 
used directly. The iron and copper phthalocyanines were highly purified 
samples, kindly supplied by R. P. Linstead. 


Fig, 1.—Apparatus for measuring oxygen absorption. 


A, Bilica reaction vessel; B, glass spiral; C, burette with silicone fluid; D, pressure-control device with 
sodium nitrite in trimethylene glycol as conducting fluid; 2, gas generator for pressure equalization; F, 
outlet to pumps and oxygen supply. A was immersed in a thermostat at the required temperature, the 
remainder of the apparatus in a tank at 25.00° + 0.05°. Rise in limb C’ measured by cathetometer 


Oxidation Procedure.—A constant-pressure type of apparatus was employed 
as shownin Figure 1. As certain of the cyclic sulfides and those containing the 
1,3-dimethylallyl group showed a sensitivity to the nature of the containing 
vessel and possibly also to mercury vapor, all the measurements now reported 
were made by using a transparent silica reaction vessel and an involatile 
silicone as the manometric fluid. 

Sulforide Estimations.—The oxidized mixtures were analyzed for sulfoxide 
by Barnard and Hargrave’s titanous chloride method‘. 

Peroxide Estimations.—-The formation of hydroperoxides in the autoxidizing 
sulfide was tested by the sensitive ferrous thiocyanate method* and was found 
to be too small for accurate estimation. 

The disappearance of hydroperoxides added to the sulfides as potential 
catalysts was followed by the stannous chloride method‘. 
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General Characteristics.—-Most unsaturated sulfides react readily with oxy- 
gen at 75°—much more readily initially than a comparable mono-olefin, and 
somewhat similarly to a 1,4-diolefin (see Figure 2). In contrast to the be- 
havior with olefins, however, a marked retardation develops at an early stage 
in the reaction, and oxygen absorption often ceases when only a small fraction 
of a mole of oxygen has been absorbed. Such intense autoinhibition appears to 
be unique for autoxidations, although a milder form is not uncommon and is 
associated with the formation of inhibitory substances as a result of decomposi- 
tion of the primary product. ‘Two processes therefore contribute to the overall 
oxidation picture : the first, predominating in the earlier stages, is the interaction 
between the substrate and oxygen; the second, of increasing importance as 


a 


~ 
| 


~ 


= 


Time (hr) 
Fic, 2 Autoxidation of BueRiR at 75°. 


= (a) () CHMe:CH-CHMe.-, (¢) CHy:CH-CHMe-, (d) CHMe:CH-CH:, 
CHe CH-CH, Curves (e), (), and (h) refer to dially! sulfide, methy! oleate, and ethyl! linoleate 
respectively 


reaction proceeds, is the interference caused by the secondary reaction products 
Only brief reference will be made to the latter here, since its detailed consider- 
ation requires full product analysis (to be reported later); our present concern 
is mainly with the response of the primary reaction to structural changes and 
to catalysts and inhibitors 

Reproducibility.—Care being given to synthesis and purification and to the 
pretreatment with alumina immediately before use, no trouble was experienced 
with most of the sulfides in obtaining reproducible rates and extents of oxygen 
absorption. A few cases presented difficulties, however, which are illustrated 
for the worst example (1,3-dimethylallyl methyl sulfide) in Figure 3. In 
Pyrex vessels, large variations in the total absorptions were observed, with com- 
paratively minor differences in the initial rates of absorption. The use of silica 
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™ 


absorbed (1/mole) 


% 


Time (hr) 


Fie. 3.--Autoxidation of CHMe: Cli -CiiMe at 75° 


(a) In silica reaction vessel; (b) in glass reaction vessel; (c) in the presence of powdered glass. 


vessels led to a more reproducible but essentially the same initial rate, and re- 
duced, but did not eliminate, the variability in uptake. The addition of 
powdered glass had a more profound effect, the initial rate bing considerably 
increased and the total uptake being reduced. The glass presumably catalyzes 
the decomposition of a primary product, so that inhibitors are formed at an 
earlier stage than otherwise. 1,3-Dimethylally! n-propy! sulfide, but-2-eny! 


Oxygen absorbed (i/mole) 
w 


ol 
0 5 10 
Time (hr.) 


Fia. 4.—Autoxidation of CHMe:CH -CHMe 8K at 75° 
R = (a) Ph, (6) Me, (c) Bu®, (d) Pre, (e) Pr’, (f) But (no uptake) 
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methy! sulfide, and thiacyclohex-2-ene behaved similarly but to a lesser degree ; 
the sensitivity in this respect of the remainder of the sulfides examined was very 
small. All the results now reported, however, pertain to silica reaction vessels. 

Sulfide Structure and Oxidizability.—Saturated sulfides.—The alkyl and 
phenyl! sulfides listed in Table 1 absorbed no oxygen during 24 hours at 75°. 
More surprisingly (see below), the benzyl- and diphenylmethy]-substituted 
compounds were found to be similarly inert. The catalyzed oxidation of these 
sulfides is discussed below. 

Acyclic allylic sulfides.—(a) Effect of substitution on the allyl system. 
Allyl n-butyl sulfide and diallyl sulfide react rather slowly with oxygen at 75° 
and reaction virtually ceases at about 0.3 |./mole (Figure 2). Marked in- 
creases in both the rate and extent of absorption occur on progressive substitu- 


~ 
~ 
Re 
a 
9 


0 


Time (hr.) 


5.-~Autoxidation of cyclo-CeH SR at 75°. 
K = (a) Me, (b) Et, (c) Ph, (d) Pr', (e) But (no uptake). 


tion of methy! and phenyl into the allyl unit (Figure 2). The differences are 
qualitatively parallel to those associated with analogous substitutional changes 
in unsaturated hydrocarbons’. 

(b) Influence of the alkyl] substituent in ally] alkyl sulfides. Changes in 
the saturated or quasi-saturated component in an ally! alky! sulfide can produce 
large changes in reactivity, as illustrated for 1,3-dimethylallyl and cyclohexeny] 
compounds in Figures 4 and 5, respectively. Through the series, methyl, 
ethyl, isopropyl, tert.-butyl, the oxidizability decreases progressively until with 
the last substituent the compounds behave as though they were saturated i.e., 
are of negligible reactivity under the experimental conditions. The possibility 
that the more bulky substituents sterically hinder the approach of reactants 
to the activated methylene group adjacent to the sulfur atom was shown to be 
of limited validity by the comparable response of the analogous methyl and 
tert.-butyl| compounds to catalysis by azoisobutyronitrile (see Figure 8). It 
thus appears that the decrease in autoxidizability reflects some intrinsic anti- 
oxidant activity by the sulfide itself. 


| é 
| 
d 
B 
2 3 


AUTOXIDIZABILITY OF MONOSULFIDES 


Oxygen absorbed (i./mole) 


0 


4 
Time (hr) 


Fis. 6.--Autoxidation of unsaturated cyclic sulfides at 55°. 


(b) 2-Methylthiacyelohex-2-ene. (c) Thiacyclohex-2-ene 
(d) Thiacyclohex-3-ene. (¢) 2:3-Dimethylthiacyclohex-2-ene 


Cyclic sulfides.—Compared with comparable acyclic compounds, unsatur- 
ated dyclic sulfides are oxidized much more rapidly and show less intense auto- 
inhibition (see Figure 6, which gives absorption characteristics at 55°, not 75°, 
as for the acyclic sulfides). This is especially so for a substituted thiacyclo- 
pentene with vinylic unsaturation. 

Catalysts and Inhibitors.—E ffect of different catalyst types.—The oxidation of 
n-butyl cinnamy! sulfide is promoted by a number of common oxidation cata- 
lysts (Figure 7). The important and significant exceptions are benzoyl per- 
oxide, tert.-butyl hydroperoxide, and cyclohex-2-enyl hydroperoxide. The 
following experiments show that the catalytic inactivity of the peroxides cannot 
be attributed to abnormally rapid destruction in the sulfides. (7) n-Butyl 
cinnamy] sulfide (10 ml.), containing tert.-buty] hydroperoxide (1.1034 g.), was 
heated at 75° in the presence of oxygen. Samples withdrawn at intervals of 
1, 2, and 6 hours after mixing had the following proportions of the original 
peroxide content present : 46, 28, and 159%, respectively. (ii) The above sulfide 


~ 


Oxygen absorbed (i. /mole) 


4 
Time 
Fis. 7.--Catalyzed autoxidations of CHPh:CH Sisue at 75° 
(1% by wt. of additive) 


(a) Iron phthalocyanine. (b) a,a’-Azoisobutyronitrile. (c) Cobalt stearate. (d) Copper phthalocyanine 
(e) No catalyst, or cyclohex-2-eny| hydroperoxide or tert.-butyl hydroperoxide. (/) peroxide 
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n 


Oxygen absorbed (i /mole) 
a 


0 4 
0 2 30 40 
Time thr.) 
Autoxidation of sulfides catalyzed by aa’-azoisobutyronitrile (1% by wt.) at 75°. 


(a) CyeloHex-2-eny! methyl sufide,. () CHPh:CH-CH:-8Bu*, (&) CHMe:CH-CHMe-8Me. (d) 
(¢) CHMe:CH-CHMe-SBut. (/) 
(g) MeSBu*, At A a further 1% of catalyst was added. 


Fic. 8 


(10 ml.), containing benzoy! peroxide (0.5 g.), when heated at 75° for 1 hr. had 
a peroxide content equal to 10% of the original solution. 

Effect of aa'-azoisobutyronitrile on different sulfide types.—As shown in 
Figure 8, azoisobutyronitrile not only promotes the oxidation of unsaturated 
sulfides but catalyzes the oxidation of otherwise inert saturated types. This is 


a 


Oxygen absorbed (l.mole) 


Time 


hia. of CHPh: CH -CHe-8Bu® in the presence of various additives at 75° 
(b—e, 1% by wt.; f-——h, 0.1% by wt.). 


‘a) No addition. () CHPh:CH-CH;-80-Bu*. (c¢) CHPh:CH-CHO or Buts8: or EtS-CHs-CHs- 
COMe. Et8-CHMe-CHe-CHO. 2:6-Di-tert.-butyl-p-cresol. (g) Phenyl-6-napb- 
thylamine. (h) Quinol or enaphthol. 
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Oxyger absorbed (i. /moie) 


Time (hr) 


Fic. 10.-Autoxidation of CHPh: CH -CH,-SPh at 75° 


also true of the unsaturated ltert.-butyl-substituted sulfides, e.g., CHMe:CH 
CHMe-SBut. Diphenyl sulfide, which has no alkyl-type C—H_ bonds, 
provides an exception in not responding to such catalysis. The function of the 
azo-compound as a chain initiator is strikingly shown in example (c) (Figure 8), 
where a reaction which stops when the added catalyst has wholly decomposed 
restarts at almost the same rate on the addition of further catalyst (this has 
been repeated successively several times). 

Photocatalysis.—Irradiation with a mercury-vapor lamp through silica or 
Pyrex glass increases the rate of oxygen uptake and reduces autoinhibition in 
those sulfides which autoxidize in the dark. Of those which are inert in the 
dark, benzy! sulfides, but not dialkyl or dipheny! sulfides, undergo photooxida- 
tion. 

Inhibitors.—The common amine and phenolic types of oxidation inhibitor 
strongly retard the autoxidation of n-buty] cinnamy! sulfide (Figure 9). 
4-Ethylthiobutan-2-one, a type of compound claimed to be an antioxidant for 
unsaturated natural fats*, and the related 3-ethylthiobutanal exert little effect, 
as do the major oxidation products of the sulfide viz., n-butyl cinnamy! sulf- 
oxide, cinnamaldehyde, dibutyl! disulfide, and water’. 

Sulfoxide Formation.—The oxygen uptakes and sulfoxide contents of the 
various sulfides after reaction with oxygen for 24 hours under the conditions of 
the absorption measurements recorded in Figures 2, 4, 5, 6, and 10, are shown 


TABLE 4 


Sulfomide Sulfoxide 
Or content On content 
absorbed (% of absorbed (% of 
Sulfide (L/mole) absorbed Sulfide (1./mole) absorbed Oy) 


"HPh: CH 23, CHMe:CH 
‘HMe:CH -CHMe -SBu* 2.3% (CHs;CH -CHa) 8 
"H::CH -CHMe -SBue CH 8Bue 
‘HMe:CH -CHMe-8P?’h CH -CHMe -SBur 
‘HMe:CH -CHMe-SMe -CHMe-SPr' 
‘HMe:CH -CHMe-8Pr* -SPh 

(Vv 


an 


wore 
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#0 
( 0.78 5.6 
( 0.46 11.8 
( 0.27 23.0 
< 2.43 5.0 = 
0.78 11.0 
15.1 98 
15.93 17.5 
R-SPr'! 5.84 13 | 
al 8.90 20.2 
7.85 52.5 
4.52 94 
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TaBLe 5 
or SULPOXIDE IN AUTOXIDATION OF Meruyt SULFIDE 


Sulfoxide Sulfoxide 

Or content Or content 

Time abosrbed (% of Or Time absorbed (% of Or 
(hr.) (L/mole) absorbed) Temp (hr.) (L/mole) absorbed) 


28 7.94 13.4 
5.5 4.44 13.5 


in Table 4. The sulfoxide yields vary with the temperature of oxidation, the 
trend being illustrated in Table 5. 


DISCUSSION 


The free-radical chain character of the autoxidations is clearly revealed by 
the catalysis by azoisobutyronitrile and by light, and the strong retardation 
by small additions of common oxidation inhibitors. It follows that the 
remarkable autoretardation and autoinhibition effects must be attributed to 
specific interference in the chain initiation or propagation steps by one or more 
of the reaction products. Details of these processes are at present under 
investigation. 

The relative rates of oxidation of a monoolefin, 1: 4-diolefin, and an allylic 
sulfide (see Figure 2) suggest that the doubly activated methylene group is the 
primary reactive center in the sulfide; ef. C:C-CH-S with C:C-CH-C:C., 
Critical support for this conclusion is afforded by cinnamy] pheny] sulfide, 
which is autoxidized very readily (Figure 10) and possesses only the above 
type of potentially active C—H bonds. These considerations discount attack 
by free radicals at the double bond in the allyl unit (in the primary stage), as 
does other evidence. First, the effect of substitution in the allyl unit (Figure 
2) parallels the relative changes of a-methylenic activity in olefins'®; second, 
by suitable catalysis, saturated sulfides—with diphenyl sulfide as a significant 
exception—can be induced to oxidize similarly to their unsaturated count- 
erparts; third, the formation of polymeric products, which would be expected 
to result if double-bond attack occurred, is inappreciable in allylic sulfides so 
far examined, but is substantial in the vinylic sulfide, thiacyclohex-2-ene", where 
such attack would be expected. 

The inhibitory activity of quinol and related substances demonstrates that 
peroxy- or oxy-free radicals are involved in the propagation step of the autox- 
idation, and it is therefore reasonable, and consistent with other features such 
as product composition (ef. following paper) and substitutional effects, to 
envisage an autoxidation mechanism comprising the following reactions: 


CHR:CH-CH,-SR (A) B 


B + 0, ———> BO; 
BO, + A ———» BO,H + B 
BO,H BO + OH 
A + OH ——~ B + H,O 
BO - CHR: CH-CHO + RS 
2RS ——— RS; 


a0) 
Temp 
55 24 8.74 21.3 95 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
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where B represents the radical CHR: CH-CH-SR, and BO, BO, ,and BO,H are 
the derived radicals and compound. The last would be expected to be highly 
unstable, of merely transitory existence, decomposing with ease into the 
aldehyde, water, and disulfide as suggested in reactions (4), (5), (6), and (7). 

The formation of sulfoxides as reaction products, sometimes in substantial 
amount (Table 4), has still to be explained. For this, two supplementary 
processes are possible. First, since hydroperoxides are known to oxidize sul- 
fides molecularly under conditions comparable with those of autoxidation", 
the unstable compound (BO,H) may react very rapidly with the substrate 
according to: 


BO.H + A ———  BOH + CHR:CH-CH,-SOR (8) 


Second, the peroxy-radicals may oxidize the combined sulfur atoms, liberating 
the oxy-radicals (BO) which can then react as in reaction (10) as well as in (6): 


BO, + A —--——~ BO + CHR:CH-CH,-SOR (9) 
BO + A ——~ BOH + B (10) 


Common to both possibilities is that the hemithioacetal (BOH), rather than 
BO2H, is the precursor of the oxidation scission products (see above), which is 
not unreasonable having regard to our meager knowledge of hemithioacetals". 

The significant mechanistic feature introduced by reactions (9) and (10) is 
the designation of the oxy-radical (BO) as the dehydrogenating chain carrier, 
and this may well be responsible for certain special characteristics of sulfide 
autoixdation which are at present difficult to explain. Thus, just as the 
greater oxidizability of aldehydes compared with olefins seems to reflect the 
greater reactivity of acylperoxy- compared with alkenylperoxy-radicals", the 
ease of oxidation of unsaturated sulfides may reflect mainly the high reactivity 
of BO radicals in reaction (10). This in turn is undoubtedly connected with 
the surprising lack of catalytic activity by peroxides despite the normal be- 
havior of azoisobutyronitrile. It has been shown that this difference cannot 
be attributed to rapid destruction of the peroxides in the reaction system, and 
appears to be explicable only in terms of highly specific reactivity of the 
radicals derived from the various additives. The inactivity of benzoyl per- 
oxide, which is so generally a free-radical catalyst, is puzzling but not unique, 
for it fails to promote the decarbonylation of aldehydes whereas alkoxy-radicals 
are effective’®. 


SUMMARY 


The reactivity of a variety of organic monosulfides towards molecular 
oxygen has been investigated at temperatures from 45° to 75°. Formally 
saturated sulfides by themselves are inert, allylic acyclic sulfides react initially 
much faster than comparable unsaturated hydrocarbons, and allylie and 
vinylic cyclic sulfides are still more reactive. Oxygen absorption is promoted 
by light, by the free-radical catalyst aa’-azoisobutyronitrile, and by certain 
metallic compounds, but not by peroxides. The azo compound is sufficiently 
active to catalyze the oxidation of saturates sulfides having C—-H bonds ad- 
jacent to the sulfur atom, while ary! alky! sulfides also respond to photocataly- 
sis. 
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A notable feature of these autoxidations is the self-inhibition or strong re- 
tardation which generally becomes apparent at small oxygen uptakes. 

Certain mechanistic details which can be deduced from the experimental 
findings are discussed. 
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IV. AUTOXIDATION OF CYCLOHEX-2-ENYL 
METHYL SULFIDE 


L. BaTreMAN AND F. W. 


The autoxidizability of allylic sulfides is characterized by a rapid initial 
uptake of oxygen, which later falls to a negligible rate when only a fraction of a 
mole of oxygen has been absorbed'. One or more of the reaction products must 
be responsible for this autoinhibition, and this paper describes the first of a 
series of investigations into what these are and how they act. Cyclohex-2-eny! 
methyl! sulfide (I) was chosen as the first sulfide for detailed study, because it 
is readily obtained pure (in particular, contamination with allylic isomerides 
is impossible) and because it absorbs more oxygen before reaction ceases than 
most other sulfides so far examined. 


a) >-SMe (II) 


When the sulfide (I) was shaken in oxygen at 55°, it absorbed about 0.3 
mole of oxygen per mole before further reaction became negligible. The 
solution was cloudy and contained water droplets. About a quarter of the 
absorbed oxygen was combined in sulfoxide groups, as estimated by reduction 


with titanous chloride’. 

The reaction mixture was separable by distillation into fractions (i) b. p. 
60-70°/14 mm., (ii) b. p. 80-90°/0.1 mm., and (iii) a dark residue involatile 
at 0.1 mm. Fraction (i) consisted of unchanged sulfide admixed with water, 
dimethyl disulfide, cyclohex-2-enone, and cyclohex-2-enol. The last two com- 
pounds were identified spectroscopically and by the derivatives given with 2,4- 
dinitrophenylhydrazine and a-naphthyl isocyanate, respectively. Fraction 
(ii) analyzed approximately for C;H,,O8 and had a sulfoxide content about 
half that of the nearly isomeric cyclohex-2-eny! methy] sulfoxide (II). Fraction 
(iii), which also had a substantial sulfoxide content, proved to be mainly the de- 
composition products formed during distillation (see below) and was not ex- 
amined in detail. 

While the infrared spectrum of fraction (ii) and its reaction with 2,4- 
dinitrophenylhydrazine showed a considerable amount of carbonyl-containing 
material to be present, attempts at separation by further fractionation proved 
fruitless. ‘Two other procedures, however, were successful: (a) treatment with 
titanous chloride reduced the sulfoxide to the original sulfide, which could be 
distilled from the reduced product to leave a heterogeneous keto-sulfide (KS), 
b. p. 67-70°/0.1 mm.; (b) chromatography, using silica gel permitted both the 
sulfoxide (II) and the mixture (KS) to be recovered separately and character- 
ized. Chromatography of the original reaction mixture (after drying) afforded 
a more thorough, but for sizeable quantities more laborious, overall separation ; 
its application to quantitative estimation of the constituents is described later. 
Under these mild conditions, the amount of involatile product isolated [fraction 
(iii) above] was very small. 
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Composition of the K eto-sul fide (KS).—Elemental] analyses and the molecular 
weight corresponded to the formula C;Hyo.7O8. Desulfurization with Raney 
nickel gave cyclohexonal in good yield, thus proving the presence of a cyclic Cs. 
unit with the oxygen atom attached. The infrared and ultraviolet spectra 
were complex, but indicated the presence of unconjugated and variously con- 
jugated keto-groups, the simple a,6-unsaturated form being predominant. 
Weak absorption at 1570 cm.~ suggested the presence of about 5 per cent of a 
triply conjugated chromophore as occurs in (III), and this was consistent with 
absorption at 1655 em.~' attributed to a highly conjugated ketone group. 
Ultraviolet absorption at 2900-2000 A was also consistent, but this proved to 
be non-critical evidence, since differently substituted cyclohexenones were 
found to absorb similarly (see below). 

oO £9 
SMe SMe SMe SMe »Me 


(111) (IV) (V) (VI) (Vit)? (VIII) 


On treatment with 2,4-dinitrophenylhydrazine in aqueous hydrochloric 
acid, a solid derivative, m. p. 168-180°, was obtained in high yield. Non- 
selective ultraviolet absorption of this product reflected the complexity of the 
parent ketone. Paper chromatography showed a weak and a strong spot, which 
had Ry values of 0.38 and 0.19, respectively, under the conditions described. 
The first of these is attributed to the 2,4-dinitrophenylhydrazone of a saturated 
keto-sulfide, since the corresponding derivatives of 2- and 3-methylthiocyclo- 
hexanone (IV and V) behave similarly; the second is derived from an un- 
saturated keto-sulfide, but of uncertain type, since the dinitrophenylhydrazones 
of the differently conjugated 3- and 4-methylthiocyclohex-2-enone (III and 
VI) have the same Ry value. Fractional crystallization gave a small yield of a 
derivative of an unidentified saturated keto-sulfide, possibly of 4-methylthio- 
cyclohexanone, since it is not (ITV) or (V), which were independently synthe- 
sized and characterized, while the major component consisted of dark red 
needles, m. p. 235°, having an absorption peak in the near ultraviolet at 3750 A 
(E}%,, 821). These spectral features are intermediate to those shown by the 
corresponding derivatives of the triply conjugated keto-sufide (IIT) (max 
2650, 3020, 4000 A; E}", 410, 398, 939) and the unconjugated compound (V) 
(wax, 3630 A; E!%, 743), and hence were associated with a parent a,6-un- 
saturated ketone structure. The 2,4-dinitrophenylhydrazone of cyclohexenone 
absorbs similarly (mex. 3750 A; B}%, 994), and so does the derivative later pre- 
pared from (VI) (mex. 2500, 3740 A: E\"". 552, 880), which is otherwise dis- 
tinguishable from the unknown. Examination of the corresponding semi- 
carbazones led to the same conclusion. 

If the double bond is not involved in more than one displacement from its 
original position in (1), i.e., oxygen attachment is confined! to position 1, 2, 3, 
or 4, the main constituent of (KS) must be either (VII) or (VITI). Reduction 
with lithium aluminum hydride gave an alcohol which absorbed far less in- 
tensely at 2300 A than a substituted vinyl sulfide such as would be derived 
from (VII). Positive identification was finally achieved by the synthesis of 
(VIIT) and direct comparison of the synthetic ketone and its derivatives with 
the unknown. 

Quantitative Estimation of the Products.—The sulfoxide content was deter- 
mined directly on the oxidized mixture as mentioned above. Dimethyl! di- 
sulfide was estimated from a separate experiment. The more volatile fraction 


BA 


AUTOXIDATION OF AN ORGANIC SULFIDE 85 


of the total oxidation mixture was distilled off and reduced with lithium 
aluminum hydride, and the resulting thiol estimated by the copper acetate 
method. Water was determined in a number of separate experiments in which 
it was distilled from the reaction mixture as its benzene azeotrope and then 
determined by the Karl Fischer procedure. For the remaining products, the 
reaction mixture was dried, diluted with light petroleum, and passed through a 
column of silica gel. After removal of the original sulfide and dimethy! di- 
sulfide with successive petroleum washings, the column was eluted with 
petroleum containing 10-50 per cent of ether to remove cyclohexenone, cyclo- 
hexenol, and the keto-sulfides. These components could not be separately 
determined directly in the mixture, but approximate analysis was possible by 
separating the first two compounds from the third by distillation and then 
applying spectroscopic and polarographic methods. 

Oxygen Balance.—The approximate distribution of the absorbed oxygen is 
expressed in the following Table, 93 per cent of the oxygen being accounted for: 


11,0 oO OH (KS) Kesidue 


I'ropertion of O, ab 


sorbed (wt. °%,) 25 23 10 s 22 5 


Dimethyl disulfide was formed to the extent of 0.12 mole/mole of oxygen ab- 
sorbed. 

Course of the Reaction.—In view of the complexity of the products and the 
inference that several alternative or consecutive reactions must be occurring 
during the oxidation, consideration of the reaction mechanism is limited to 
developing a reasonable working picture on which to base further experiments. 

The general features of the oxidation of allylic sulfides already described! 
lead to two important conclusions. First, the marked catalysis by thermally 
decomposing azoisobutyronitrile and by ultraviolet irradiation and the inhibi- 
tion by quinol and similar compounds show that the primary attachment of 
oxygen involves free-radical intermediates. Second, the fact that oxygen 
absorption proceeds initially much faster than with a comparable olefin, 
coupled with the high reactivity of cinnamylpheny! sulfide, points to the CH or 
CH, group activated by both the double bond and the sulfur atom being the 
primary reactive center. In addition, very little polymeric product is formed, 
thus showing the unimportance of attack by peroxy-radicals at the double 
bond and of the following sequence of reactions: 


The annexed scheme is based on these features. 
She 
(Xa) 


Keto 


sulphide H,0 


Keto- MeS> Met + ¢ 

sulphide / r e 


Jon (om 


(X) 
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The finding of roughly equal molar proportions of (II), cyclohexenone and 
eyclohexenol together, keto-sulfide, and water indicates, on this scheme, that 
reactions (a) and (b) proceed with equal facility and that reaction (c) is negligi- 
ble. These are not unreasonable consequences. 

Hydroperoxides appear to react with allylic sulfides in aprotic solvents, not 
molecularly as in alcohols to give sulfoxides in quantitative yield, but probably 
via radicals to give only fractional yields of sulfoxides*. Hydrogen abstraction 
by peroxy-radicals, as invoked in step (b), is the fundamental] basis of numerous 
other autoxidations, but the oxygen-transfer process (a) has only recently been 
recognized®. The reactions of (XI) expressed in (d) and (e) simulate the be- 
havior of the formally similar tert.-alkoxy-radicals derived from ditert.-buty| 
peroxide and tert.-buty! hydroperoxide®. These oxy-radicals show no tendency 
to oxidize sulfides to sulfoxides in the manner of their peroxy-counterparts’. 

While it is difficult to envisage the transformation of (XI) into a keto- 
sulfide, the reaction path (IX) —» (IXa)—+ (Xa) would be expected to give 
(III). Although spectroscopic evidence points to the presence of (IIT) in the 
keto-sulfide mixture, the amount is so small that neither the liquid ketone nor its 
crystalline derivatives have been separated and characterized. This is a 
peculiar feature because 1,4-dienes undergo double-bond displacement on 
autoxidation to give the completely conjugated hydroperoxide*; C:C-CH-C:C 

> C:C-C:C-C(OH), and similar behavior might have been expected in the 
present system in view of the considerable conjugation between a double bond 
and an adjacent sulfur atom®*, as shown chemically, for example, in the tendency 
of allylic sulfides to isomerize into vinylic sulfides on heating’. Further, what- 
ever the relative importance of the mesomeric structures (IX) and (IXa), steric 
factors would be expected to cause the latter to be the preferred configuration 
on reaction with other molecules. 

In contrast to the above, a double-bond displacement or an equivalent 
process is clearly involved in the formation of the main keto-sulfide (VIII). 
The simplest explanation is that hydrogen abstraction from the sulfide (I) 
occurs at the non-sulfurated allylic position, followed by reaction of the result- 
ing radical] in the isomeric form: 


(VIII) 


but this seems unlikely for two reasons. First, the increased oxidizability of 
the cyclohexeny! unit produced by the MeS substituent cannot reasonably be 
associated with increased reactivity at a methylene group essentially unaffected 
by the substituent, i.e., it is difficult to believe that the proportion of (XII) to 
(X1) can be appreciable. Second, the ketone derivable directly from (XII), 
viz., (VI), is definitely absent from the oxidation products, and it is difficult to 
see why, if (XII) were formed, it should react exclusively as (XIII) [the spectral 
properties of (VIII) and (VI) suggest steric hindrance between an adjacent 
oxygen atom and the MeS group]. 

We believe, therefore, that (VIII) is formed in stage (f) and that it results 
from an internal dehydration which proceeds with migration of the MeS sub- 
stituent. On the basis of the strained or “half” chair configuration of the 
cyclohexeny! unit’, this is pictured as: 
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Somewhat similar and unusual bond displacements, which scale models 
show to be quite feasible sterically, are encountered with cyclohexenyl hydro- 
peroxide itself, e.g., in the acid-catalyzed dehydration to cyclopentenaldehyde. 

The chain character of the autoxidation, which is revealed by the response 
to catalyst and inhibitors (Part IIT), originates in the operation of reactions 
(b) and possibly (e). 

Influence of the Reaction Products on Autoxridation.—The effect of additions 
of (II), (VIII), eyclohexenone, water, and dimethy! disulfide on oxygen uptake 
by the sulfide (I) is shown in the Figure. Only (VIII) has any significant 
effect [which is closely similar to that caused by (III) ], and this keto-sulfide 
acts as a sufficiently powerful retarder to account without difficulty for the 
observed autoinhibition. Comparison of the action of (VIII), (III), and (1V) 
reveals the importance of conjugation as a structural feature conferring in- 
hibitory power on compounds of this type. Although certain saturated keto- 
sulfides are claimed to be efficient antioxidants for natural fats", the inactivity 
of (IV) in the present system parallels the smal! effect of 4-ethylthiobutan-2-one 
on the oxidation of n-butyl cinnamy! sulfide’. 
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Effect of the reaction products and some keto-wulfides on the autoxidation of eyslohenony! methy| 
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sulfide at 55°. a, (1) alone; b, (1) + HsO (11.8% molar); c, (1) + (II) (4.5% molar); d, (1) + (1.6 
molar); (6.3% molar); f, (1) + (III) (5.4% molar); 9, + (VILL) (6.4% molar); 
h, + 1 disulfide (3.2%{molar). 
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Synthesis and Properties of the Keto-sulfides prepared for Comparison.— 
Although a number of saturated aliphatic keto-sulfides have been prepared by 
the general method of addition of thiols to a,8B-unsaturated ketones'?, most of the 
homocyclic compounds considered in this paper are new. Of particular in- 
terest are the unsaturated examples where the double bond is conjugated with 
one or both of the other functional groups. 

The syntheses of (III)——(VI) and (VIII) were effected as follows: 


HO HO, 


MrSNa = d 
AcO ir SMe 
A \ 


Opp nauer H, 
(V1) 
Br 


(v) 4 SMe (VITT) 


Certain characteristic properties of these keto-sulfides and their derivatives 
are summarized in Table 1. 


EXPERIMENTAL 


Microanalyses were carried out under the direction of W. T. Chambers. 

CycloHex-2-enyl Methyl Sulfide.—3-Bromocyclohexene™ was treated with 
sodium methyl sulfide in ethanol; the sulfide, isolated in the usual way and 
fractionated, had b. p. 64.5°/14 mm., nj} 1.5210 (Found: C, 65.5; H, 9.4; 8, 
25.1. C7H.S8 requires C, 65.6; H, 9.4;8, 25.0%). It formed trimethylsulfo- 
nium iodide on reaction with methyl! iodide at room temperature. The derived 
sulfoxide had b. p. 75°/0.1 mm., n¥% 1.5384 (Found: C, 58.1; H, 8.5; 8, 22.3. 
Cale. for C;H,,O8: C, 58.3; H, 8.4; 8, 22.2%). 


TABLE 1 


Keto-sulfide 2,4-Dinitrophenylhydrazone Semicarbazone 


Ames Aman. 
Compound (em.“) (A) M. p (A) e M. p. (A) 


(IV) 5115 1708 2530 137-—-138° 2540 12,410 171--172° 2300 
3040 3630) =22,600 
3030 yy 3500 (infi.) 

(V) 5172 1715 2630 148 3630 2410 
2880 


p-O: Cells 8Me 145--146 3620 


(VI) 1690 146-147 2500 
3740 
1600 3000 4,250 234 3750 
(Ih) 1655 2870 20,800 212 2650 
3020 
4000 


' For neat liquids. *In ethanol, except for * in aqueous 2N —~NaOH, 


0 oO. 
PCI, MeSNa 
MesNo 
(44) Lie (lV) 
Mesit 
/ 
HO Me 
‘) 
14,270 
13,130 
17,780 156-160 - 
28,260 
; 26,700 234 2650 17,440 
14,750 207--208 2930 34,030 
12,850 
30,250 
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To test the effect of the alkyl substituent on oxidizability', the following 
cyclohezr-2-enyl sulfides were prepared analogously: ethyl, b. p. 76°/14 mm., n}# 
1.5140 (Found: C, 67.5; H, 9.9; 8, 22.7. CsH iS requires C, 67.5; H, 9.9; 8, 
22.5%); isopropyl, b. p. 84°/14 mm., nf 1.5062 (Found: C, 68.8; H, 10.4; 8, 
20.4. CyHS requires C, 69.1; H, 10.3; 8, 20.5%); tert.-butyl, b. p. 97°/14 
mm., nj} 1.5015 (Found: C, 70.5; H, 10.7; 8, 18.4. CyoHuS requires C, 70.5; 
H, 10.7; 8, 18.8%); phenyl, b. p. 77°/0.1 mm., nf} 1.5929 (Found: C, 75.4; H, 
7.2;5, 16.9. C.i2H.8 requires C, 75.8; H, 7.4; 8, 16.8%). 

Oxidation Procedure.—The sulfide, kept at 55°, was shaken without solvent 
in purified oxygen supplied from a constant-temperature and -pressure gas- 
burette, mercury (which behaves as silicone oil for this sulfide’, being used as 
the manometric fluid. 

Separation of Oxidation Products by Distillation.—The oxidized sulfide (103 
g., containing 7.3 g. of oxygen) gave (i) 73 g., b. p. 60-65°/14 mm., nf 1.5170, 
containing unchanged sulfide, water, dimethyl disulfide, cyclohexenol, and 
cyclohexenone (see below) ; (ii) 20 g., b. p. 80-90°/0.1 mm., nf 1.5435, contain- 
ing ca. 50% of cyclohexenyl methyl sulfoxide; (iii) 7.6 g., undistillable residue, 
ni, 1.5744 (Found: C, 57.4; H, 7.2; 8, 20.2; sulfoxide content, by TiCl,, 30%). 
Redistillation of (ii) gave a fraction (15 g.), b. p. 80°/0.1 mm., n% 1.5468 
(Found: C, 58.6; H, 8.1; 8, 21.2; sulfoxide content, by TiCls, 49.5%). The 
mutual volatility of the products prevented more refined separation by distilla- 
tion, but removal of the sulfoxide from fraction (ii) was effected as follows. A 
solution in acetic acid (900 ml.) was added with stirring to titanous chloride 
solution (2430 ml.; 0.1N) containing concentrated hydrochloric acid (150 
ml./l.). After being heated at 70-75° for about 2.5 hr., the solution was 
cooled, set aside overnight, neutralized (ammonium hydroxide), and then 
extracted for 48 hr. with purified ether. The ethereal extract gave on fraction- 
ation: (a) impure cyclohexenyl methyl sulfide (7.0 g.), b. p. 65-67°/14 mm. 
(Found: 8, 22.8%), identified by its infrared spectrum; and (b) a ketonic non- 
sulfoxylie fraction (8.0 g.), b. p. 67-70°/0.1 mm., nj} 1.5503 (Found: C, 57.9; 
H, 7.4; 8, 24.3%), henceforth designated (KS). 

Reduction of a part of the total oxidation mixture with lithium aluminum 
hydride gave methanethiol (from dimethy! disulfide) which was distilled off, 
absorbed in alcoholic sodium hydroxide, and identified as 2,4-dinitrophenyl- 
methyl sulfide. After several recrystallizations from ethanol this had m. p. 
126.5° (Found: C, 39.3; H, 2.8; N, 13.4; 8, 14.8. Cale. for C;yHsOiN.S: C, 
39.3; H, 2.8; N, 13.2; 8, 15.0%). 

Chromatographic Separation.—Silica gel (200-mesh) was used as adsorbent 
(decomposition occurred on alumina). All solvents were redistilled immedi- 
ately before use, the methanol from magnesium methoxide. Oxidized sulfide 
(11.0 g.) in light petroleum (b. p. <40°; 650 ml.) was passed down the column 
(45 XK 2cm.), followed by: (1) light petroleum (1250 ml.) ; (2) light petroleum- 
10% ether (100 ml.); (3) light petroleum-20% ether (2250 ml.); (4) light 
petroleum-50% ether (800 ml.); (5) ether (400 ml.); (6) methanol (230 ml.). 
All eluates were concentrated by carefully evaporating the solvents through a 
Fenske column. Fraction (1) consisted of the parent sulfide and dimethy! 
disulfide; (2)-(5) contained cyclohexenol, cyclohexenone, and ketonic sulfides ; 
(6) gave cyclohexenyl methyl! sulfoxide, nf 1.5374, identified by direct com- 
parison with an authentic specimen", Fractions (2)-(5) were combined and 
fractionated at 0.1 mm. The components volatile at room temperature were 
eyclohex-2-enol (a-naphthylurethane, m. p. and mixed m. p. with authentic 
specimen 150-151°) and cyclohex-2-enone (2,4-dinitophenylhydrazone, m. p. 


! 
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and mixed m. p. with authentic specimen, 159-160°); the remainder consisted 
of a fraction virtually identical with (KS), b. p. ca. 70°/0.1 mm., and a small 
non-distillable residue. 

Properties and Characterization of (KS).—(A) Warming with 2,4-dinitro- 
phenylhydrazine in aqueous hydrochloric acid gave a crystalline precipitate, 
m. p. 168-180°. The heterogeneity of this derivative was clearly shown by 
paper chromatography (chloroform being used as the stationary phase on 
acetylated paper), elution by methanol-water (85:15) giving two spots, one 
weak with Re 0.38 the other strong with Rr 0.19. The first simulates the be- 
havior of the 2,4-dinitrophenylhydrazones of the saturated keto-sulfides (IV) 
and (V); the second that of the differently conjugated derivatives from (III) 
and (VI). Fractional crystallization gave a small proportion of red needles 
(from pyridine-light petroleum), m. p. 148-149° (Found: C, 48.4; H, 4.8; N, 
17.2;8, 9.4. CysHwO NS requires C, 48.2; H, 5.0; N, 17.3; 8, 9.9%), having 
Amex. 3670 A, B}%,,. 714; the parent saturated keto-sulfide has not been identi- 
fied. The main constituent, later shown to be derived from the compound 
(VILL), formed dark red needles from pyridine-ethanol or benzene, m. p. 235°, 
max, 3750 A, E}%,, 787 (Found: C, 48.5; H, 4.4; N, 17.5;8,9.7. ONS 
requires C, 48.4; H, 4.4; N, 17.4; 8, 9.9%). 

The semicarbazone of the main constituent of (KS) had m. p. 236°, Amax. 
2650 A, E}%,, 865 (Found: C, 48.3; H, 6.5; N, 21.1; 8, 16.1. CsH,ONS 
requires C, 48.2; H, 6.6; N, 21.1; 8, 16.1%). 

(B) The infrared absorption of (KS) indicated the presence of three types of 
carbonyl grouping: (a) an a,B-unsaturated ketone showing strong absorption 
at 1690 em.~; (6) <5% contained in the more strongly conjugated grouping 
S—CC—Ce-(), absorbing at 1656 em.~; (c) a minor amount of a saturated 
ketone absorbing at 1708 em.~. The ultraviolet spectrum showed broad 
maximal absorption at 2850-3050 A (£}%,,. 290). 

(C) The material (KS) (1.2 g.) was heated at 75-80° with Raney nickel'* 
(catalyst C) in ethanol solution (50 ml.) with continuous stirring under a stream 
of nitrogen for 3 hours. The mixture was filtered, the nickel thoroughly ex- 
tracted with boiling ethanol, and the combined liquors concentrated to about 
15 ml. This solution was shaken in hydrogen over palladium-charcoal: no 
hydrogen was absorbed. The product was isolated in the usual way and dis- 
tilled (0.7 g.), n3} 1.4600 (authentic cyclohexanol, n§ 1.4643). It readily formed 
an a-naphthylurethane, m. p. and mixed m. p. with a specimen prepared from 
cyclohexanol, 125-126°. In a trial experiment, 3-methylthiocyclohex-2-enone 
(IIT) gave cyclohexanol in similar yield. 

(D) Hydrogenation of (KS) over palladium-charcoal (hydrogen absorp- 
tion, 0.85 mole), and distillation gave a product consisting largely of 2-methy!- 
thiocyelohexanone (IV), nj 1.5200, and having an infrared spectrum nearly 
identical with that of a synthetic specimen. This compound was definitely 
absent before hydrogenation. The orange 2,4-dinitrophenylhydrazone could 
not be obtained pure by crystallization, and had a m. p. several degrees lower 
than the derivative prepared from the synthetic keto-sulfide. 

(E) Reduction of (KS) (0.6 g.) with lithium aluminum hydride (0.1 g.) in 
dry ether (10 ml.), and isolation of the product in the usual way, gave a liquid 
(0.35 g.), nB 1.5650 (Found: C, 56.5; H, 7.7;8, 24.4%). The small amount of 
(III) originally present appeared to remain unreduced as shown by the non- 
disappearance of bands at 1655 and 1570 cm.~', but the absence of absorption 
at 1690 cm. (due to unsaturated carbony! grouping) showed that reduction 
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of the main constituent was complete. The ultraviolet spectrum was consis- 
tent with the latter conclusion (weak absorption at 2900 A), the selatively weak 
absorption at 2300 A proving the absence of vinylic sulfide grouping C==C——S 
There is very strong absorption in the 3-4 region. The compound is impure 
6-methylthiocyclohex-2-enol. 

Synthesis of 6-Methylthiocycloher-2-enone (VIII) and its Identification as the 
Main Component of (KS).—Methyl sodium sulfide solution prepared from 
sodium (4.0 g.) and excess of methanethiol was added very slowly with vigorous 
stirring to 2,6-dibromocyclohexanone’® (46 g., m. p. 107°) in dry methanol at 
room temperature. After the addition was complete, the solution was warmed 
to 50° for 1 hour, then concentrated under reduced pressure, the sodium 
bromide filtered off, and finally the solvent removed. Attempts to distil the 
residue led to its decomposition. The crude material was therefore debromi- 
nated by treatment with potassium hydroxide (9.0 g.) in ethanol (90 ml.), first 
at room temperature (3 hr.), then by warming to the b. p. The solution was 
cooled and filtered, and the solvent removed under reduced pressure. Frac- 
tionation of the residue gave 6-methylthiocycloher-2-enone (15 g.), b. p. 76-78° 


TABLE 2 


Bulk Main component vill 
n2o 1.5503 1.5608 
2850-3050 A, 200 3000 A, 200 
Carbonyl absorption (em.~) 1690, 1655, 1708 1690 
168-180° 235° 244° 
3700 A, 719 3750 A, 831 3750A , 820 
219-222' 236° 234° 
2650 A, 815 2660 A, 865 2650 A, 877 


2:4- 


Semiearbazone { 


0.1 mm., nj 1.5608 (Found: C, 58.9; H, 7.1; 8, 22.0. C;H,O8 requires C, 
59.1; H, 7.1; 8, 22.5%). The 2,4-dinitrophenylhydrazone, recrystallized from 
pyridine-ethanol and benzene, formed dark red needles, m. p. 234° (Found: C, 
48.3; H, 4.4; N, 17.0;8, 9.7. CysH\,O.N,S requires C, 48.4; H, 4.4; N, 17.4; 

10.0%). The semicarbazone had m. p. 234° (Found: C, Ba 1; H, 6.6; N 
21.1;8, 16.1 CsH,,ON,S requires C, 48.2; H, 6.6; N, 21.1; 8, 16.1%). 

The properties of (KS) and (VIII) are compared in Tab Ja! 2 

Quantitative Estimation of Oxidation Products..-(A) Sulforide.-This was 
estimated directly on the total oxidation mixture by Barnard and Hargrave’s 
method?, and was always within close limits, viz., 23-259 of the oxygen 
absorbed 

(B) Water.—This was also estimated on the total oxidation mixture by 
Karl Fischer’s procedure, the usual rigorous precautions to exclude the intru- 
sion of extraneous moisture being observed. The oxidized mixture was washed 
from the oxidation vessel into a distillation flask with methanol (2-4 ml.) 
followed by benzene (30-40 ml.). The water-benzene azeotrope was distilled 
off through a twisted gauze column with a head designed to minimize condensa- 
tion, and collected in a cooled receiver. The water in the distillate was esti- 
mated by electrometric titration with the usual reagents'’. Blank titrations 
were performed on the solvents. Control experiments with unoxidized sulfide, 
sulfoxide (dried by azeotropic removal of water with benzene), and a weighed 


Me 
KS 
= 
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amount of water gave results consistently high by 3.6 mg. after allowance for 
the solvent blank. Results: 


H&) (mg.) (corr.) 11.8 11.0 6.5 
Absorbed O, found as water (wt. %) 18. 25.6 25.8 18.0 


O. absorbed (mole/mole) 0.28 0.35 0.34 0.32 
7.8 
7 

(C) Dimethyl disulfide.—This was estimated (a) by reduction to the thiol 
and (b) polarographically. (a) Fraction (i) of the total oxidation mixture in 
tetrahydrofuran was dried and reduced with excess of lithium aluminum hy- 
dride in ether. Careful addition of cold ethanol and 2N-sulfuric acid gave 
methanethiol, which was estimated by passage into standard cupric acetate 
solution, the excess of cupric salt being measured iodometrically'*. Sulfide 
(5.55 g.) containing oxygen (0.26 mole/mole) gave dimethyl disulfide (0.14 g.). 
(b) Polarographic estimation on the total oxidation mixture was impossible 
owing to interference by the relatively large amount of sulfoxide. A polaro- 
gram of the fraction used in (a) in 85% acetone-free methanol-15%% water 
containing 0.1M-lithium chloride at a dropping-mercury cathode gave a wave 
of height equal to the sum of those due to dimethyl! disulfide and cyclohexenone. 
The wave height, obtained by subtraction of that due to cyclohexenone [see D 
(b) |, corresponded to dimethyl! disulfide (0.12 g.). 

estimation of the remaining products was carried out on the appropriate 
fraction from the chromatographic separation described above, the eyclohex- 
enone and cyclohexenol being contained in the more volatile part of the fractions 
(2)-(5). 

(D) Cycloher-2-enone.—This was estimated (a) spectroscopically and (b) 
polarographically. (a) Comparison of intensity of absorption at 1688 em.~! 
(conjugated carbonyl) with that of the pure ketone gave a content of 0.29 g., 
representing 10.3% of the total oxygen absorbed. (6) Comparison of the wave, 
given in 85% acetone-free methanol-15% water containing an acid buffer 
(HCl and NaOAc) with that of the pure ketone gave a cyclohex-2-enone content 
of 0.28 g., representing 9.8% of the total oxygen absorbed. Polarographic 
estimation directly on the more volatile part of the total oxidation mixture 
[fraction (i), ] gave a value of 8.2% of the total oxygen absorbed. 

(ki) Cyclohex-2-enol.—Estimation of the intensity of the OH stretching 
frequency in the 3-u region gave an approximate value of 0.22 g., representing 
7.9% of the total oxygen absorbed. 

(F) Keto-sulfide.—Infrared and ultraviolet examination showed this frac- 
tion to have an almost identical composition with that of fraction KS, account- 
ing for 22% of the total oxygen absorbed. 

(G) Involatile residue (0.14 g.) not identified (Found: O, by diff., 15%), 
corresponding to 4.5% of the total oxygen absorbed. 

Syntheses of Keto-sulfides.—(1) 2-Methylthiocycloheranone (1V).—Crude 
2-bromocyclohexanone (12.5 g.; b. p. 55-60°/0.1 mm.) (Found: Br, 43.7. 
Cale. for CsHyOBr: Br, 45.1%), prepared by Kétz’s method", in ether (20 ml.) 
was added slowly, with stirring, to a solution of methyl sodium sulfide (from 
1.64 g. of sodium) in methanol (30 ml.) at 0°. After being warmed to room 
temperature, the mixture was refluxed for a few minutes, and then worked up 
in the usual way. The required keto-sulfide (3 g.) had b. p. 51°(0.1 mm.), n> 
1.5115 (Found: C, 57.5; H, 8.2;8, 21.8. C;H,OS requires C, 58.3; H, 8.4; 8, 
22.2%). 


AUTOXIDATION OF AN ORGANIC SULFIDE OS 


(2) 3-Methylthiocycloheranone (V).—Cyclohex-2-enone (5.0 g., prepared by 
oxidation of cyclohexene with chromic anhydride”, piperidine (0.5 g.), and dry 
benzene (20 ml.) were mixed in a Carius tube into which methanethiol (3.5 ml.) 
was then distilled. After being sealed, the tube was heated at 55° for 5 hr. 
Fractionation of the product gave 3-methylthiocycloheranone (V) (4.5 g.), b. p. 
55°/0.1 mm., 1.5172 (Found: C, 58.7; H, 8.5; 8, 21.7. requires C, 
58.3; 8.4; 22.2%). 

(3) 4-Methylthiocycloher-2-enone 
(65.7 g.) in ethanol (100 ml.) was added slowly to a solution of methyl! sodium 
sulfide (from 6.9 g. of sodium) at room temperature. The mixture was re- 
fluxed for 30 min., most of the alcohol then distilled off, and l-acetoxy-4- 
methylthiocyclohex-2-ene (46 g.), b. p. 67°/0.1 mm., n2° 1.5375, isolated in the 
the usual manner. Hydrolysis of this compound with sodium hydroxide in 
ethanol gave 4-methylthiocycloher-2-enol (28 g.), b. p. 65-67°/0.1 mm., 
1.5468 (Found: C, 58.2; H, 8.2; 3, 22.1. C,H..OS8 requires C, 58.3; H, 8.4; 
S, 22.2%), which on Oppenauer oxidation and careful fractionation of the 
product gave 4-methylthiocycloher-2-enone (4.0 g.), b. p. 69°/0.1 mm., n2° 1.5489 
(Found: C, 59.2; H, 7.3;38, 22.6. C,H OS requires C, 59.1; H, 7.1;8, 22.5%) 

Hydrogenation of this keto-sulfide over palladium-churcoal gave impure 
4-methylthiocyclohexanone, which formed an orange-yellow 2,4-dinitrophenyl- 
ae (from light petroleum-ethanol), m. p. 145 44 (Found: C, 48.3; 
H, 5.2; N, t7.1. requires C, 48.2; H, 5.0; 

(4) (IIT). sinol, 1 . p. 98°, ob- 
tained by hydrogenation of resorcinol over Raney nickel was pee ation! into 


3-chlorocycloher-2-enone (b. p. 78°/14 mm., ne” 1.5204. Found: Cl, 27.2 
Calc. for CsH;OCI: C, 55.2; H, 5.4; Cl, 27.2%) by trentenent with phosphorus 
trichloride in ¢ tide This ¢ hloro-c saanound (8.2 g.) in benzene (10 ml.) 


was added to a suspension of methyl sodium sulfide in benzene (obtained by 
saturating methanol containing sodium with methanethiol and then changing 
the solvent by distillation and simultaneous addition of benzene) at 0° with 
vigorous stirring. After | hr., the mixture was heated to 70-80° for 0.5 hr., 
cooled, and poured into water. Ether-extraction and subsequent fractionation 
gave (5.0 g.), b. p.75°/0.1 mm., 1.5902 (Found: 
C, 59.0; H, 7.0; 8, 22.4. C;HiwOS requires C, 59.1; H, 7.1; 8, 22.5%). 


SUMMARY 


Cyclohex-2-eny! methyl sulfide readily absorbs up to about 0.3 mole of 
oxygen per mole at 55° to yield a complex mixture. Cyclohexenyl methy! 
sulfoxide, 6-methylthiocyclohex-2-enone (VIII), cyclohexenone, cyclohexenol, 
water, and dimethy! disulfide have been identified and estimated approximately 
quantitatively. A reaction mechanism consistent with these and other 
experimental data is presented and discussed. 

Several new keto-sulfides which were required as reference compounds have 
been prepared and characterized; the sulfide (VIII) and its 3-methylthio- 
isomer (III) show marked antioxidant activity. 


ACKNOWLEDO MENT 


We are indebted to D. E. Bethell, G. Higgins, and k. S. Waight for the 
spectroscopic data, and to them and D. Barnard and J. I, Cunneen for advice 
and criticism throughout the course of this work. 


> 


RUBBER CHEMISTRY AND TECHNOLOGY 


REFERENCES 


' Bee Part Ill (preceding paper). 

* Barnard and Hargrave, Anal. Chim. Acta 5, 546 (1951) 

* Bateman, Quart. Revs. 8, 147 (1954). 

4 Barnard, unpublished results; also see Parte I and Il, Proc. Roy. Soc. A224, 389, 399 (1954). 

* Part Il, Proc. Roy. Soc. A224, 399 (1954). 

* Bell, Raley, Rust, Seubold, and Vaughn, Discussions Faraday Soc. 10, 242 (1951) 

’ Barnard, unpublished results 

Koch, J. Chem. Boe 1949, p 287. 

* Tarbell and MeCall, J. Am. Chem. Soc. 74, 48 (1952) 

” Raphael and Stenlake, Chem. & Ind. 1953, p. 1286; Barton et al., Chem. & Ind., 1954, p. 21 

'' Thompson, Ind, Eng. Chem. 43, 1638 (1951): 44, 1659 (1952). 

't Posner, Ber. 35, 809 (1902) ; Ruhemann, J. Chem, Soc. 87,17, 461 (1905); Thompson, Ind, Eng. Chem. 43, 
1628 (1961); U. 8. patent 2,492,334. 

“" Ziegler et al., Ann. 551, 80 (1942). 

“ Rarnard and Hargrave, Anal. Chim. Acta $, 476 (1951 

'* Hurd and Rudner, J. Am. Chem. Soc. 73, 5157 (1951) 

Corey, J. Am, Chem, Soc. 75, 8207 (1953) 

'' Plecher, Z. angew, Chem. 48, 304 (1935) 

* Ellie and Barker, Anal. Chem. 23, 1777 (1951). 

" Kotz, Ann, 358, 194 (1908) 

*” Whitmore and Pedlow, J. Am. Chem. Soc. 63, 75% (1941 

1! Bee “Organic Syntheses’’, 1943, Vol. 27, p. 2! 

Crossley and fees, J. Chem. Soc. 63, 49% (1903) 


TEMPERATURES OF VITRIFICATION AND FLUIDITY 
OF NATURAL RUBBER OF DIFFERENT MOLECULAR 
WEIGHTS * 


A. Tacer, M. lovtova, T. Kanror, anp L. Muzneva 


As is known, amorphous high molecular compounds at various temperatures 
can occur in three physical states: vitreous, high-elastic, and viscous fluid. 
Kargin and his collaborators studied the transition from one physical state to 
another for various polymers as related to the molecular weight. Kargin and 
Sogolova! showed that for one elastic polymer—polyisobutylene—the following 
law is observed : the vitrification temperature in the range of molecular weights 
from 6000 to 3,500,000 does not depend on the molecular weight and maintains 
a constant value, equal to —65° C, while the fluidity temperature rises as the 
value of the molecular weight increases. 

We thought it interesting to study the behavior of natural rubbers of various 
molecular weights during a change in temperature over a wide range. This is 
doubly important, because one of the necessary stages of technological proces» 
in the manufacture of natural rubber goods is plasticization, as a result of 
which rubbers of varying molecular weights are obtained. 


EXPERIMENTAL PART 


Natural smoked-sheet rubber and a rubber prepared by the factory method 
from kok-saghyz were chosen for this study. 

In order to obtain rubbers of varying molecular weights, the specimens were 
plasticized on a laboratory mill for varying periods. For smoked sheet, the 
plasticization times were 5, 10, 15, and 20 minutes; for kok-saghyz, 5 and 10 
minutes. The molecular weights of the rubbers were determined by measuring 
the viscosity of their solutions in benzene. The soluble part of the rubber was 
separated and then the rubber was precipitated from solution with ethyl] alcohol 
and dried, and from it were prepared solutions for determining the viscosity 
and specimens for the thermomechanical curves. The viscosity was measured 
in an Ostwald viscometer. The temperature of the measurements was 25 4 
0.1°C. The values of the specific and reduced viscosities were calculated from 
the measurements of relative viscosity of four concentrations; the values of the 
characteristic viscosities were obtained graphically. 

In Figure | are shown the results obtained for smoked sheet, and in Figure 2, 
for kok-saghyz. As is seen from the figures, the rubber specimens differ con- 
siderably from one another in the values of the characteristic viscosities, while 
the higher the characteristic viscosity is, the steeper is the slope of the curves 
The latter law was observed by various authors for solutions of different poly- 
mers, particularly solutions of butadiene rubbers’. 

On the basis of these data, we calculated the molecular weights for smoked 
sheet, using the equation: [9] = K-M® and the values of the constants K and 


* Translated for Cuemierny anno Tecuwo from the Zhurnal Prikladnoi Khimil, Vol. 27 
pages 1227-30 (1954). 
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a, taken for natural rubber-toluene systems’. The data obtained are shown in 
the table. 

For al] the specimens prepared, we studied the relation of the deformation to 
the temperature on a Kargin dynamometer’. The working load was 50 g. per 
sq.em. The curves for smoked-sheet specimens of varying molecular weight 
are shown in Figure 3, and those for kok-saghyz in Figure 4. 

From these values it follows that the laws established by Kargin and 
Sogolova for polyisobutylenes apply also to natural rubbers. 

The vitrification temperature does not depend on the value of the molecular 
weight; that is, the extent of destruction during plasticization has no influence 


16 


4 
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Fia. 1,--Relation of reduced viscosity to con- Fis. 2.--Relation of reduced viscosity to 
centration for samoked-sheet rubber. A.—reduced concentration for kok-saghyz rubber. A.-—~re- 
viscosity. (ing./100ml.). Mo- duced viscosity. B.—concentration (in g./100 
lecular weight: 1—-427000; 2152000; 3-—96000; ml.). Molecular weight: 6—specimen 
4 549000. =~ 8.6; 2.0; = 0.7. 


on the vitrification temperature of natural rubber. The fluidity temperature 
T'r is strongly influenced by the value of the molecular weight. 

Thus: specimen | (M = 427,000) has Tr = 140° C, specimen 2 (M = 
152,000) has Ty = 60° C, specimen 3 (M = 96,000) has T'7 = 35° C, specimen 
4 (M = 71,000) has Ty = 30° C, and specimen 5 (M = 49,000) has T'7 = 
10° C. 

For unplasticized kok-saghyz, Tr = 90° C; for the specimen with char- 
acteristic viscosity [m7] = 2.0, Tr = 50° C, for the specimen with [4] = 0.7, 
Tr = — 20°C. 

The original smoked sheet possesses high elasticity in the temperature 
range from 70° to 140°, and the original kok-saghyz in the range from —60° to 
90°C. The value of the square of high elasticity decreases with decrease in the 
molecular weight. Thus, rubber of molecular weight 49,000 at room tempera- 
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0 | l 1 1 6 
-120 -60 -40 0 120 160 
3.--Relation of deformation to temperature for smoked-sheet rubbers. A.—deformetion in units 


of the scale; b.—temperature in °C. Molecular weight: |—-427,000; 152,000; 306,000, 471,000; 
5— 49,000 


“120 80 120 160 


Fia. 4.--Relation of deformation of temperature for kok-saghyz rubbers. A.——-deformation in unite of the 
scale; B.—temperature in °C. 6—apecimen ~ 8.6; = 2.0:;8—{n] ~ 07 
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VaLue or CHaRacreristic ViscosiTies AND MoLEecuLAR 
Weiouts or Srecimens or Natura Ruspers 


Character- 
Number of Plasticization istic Molecular 
specunen Type of rubber time viscosity weight 


Smoked Sheet Unplasticized : 427,000 
5 d 152,000 

96,000 

71,000 

49,000 

Kok-saghyz Unplasticized ~ 
5 


10 


ture is practically in the viscous-fluid state. The same occurs in kok-saghyz 
plasticized for 10 minutes. 

It is interesting to observe that the behavior of two types of natural rubber, 
smoked sheet and kok-saghyz, is considerably different: the original un- 
plasticized kok-saghyz has a viscosity more than twice that of unplasticized 
smoked sheet, and the fluidity temperature of the latter is considerably greater 
than that of kok-saghyz. This attests to a difference in the molecular structure 
of these rubbers. Destruction of both rubbers takes place most intensely in the 
first minutes of plasticization, and it is more intense in the case of kok-saghyz. 
After 5 minutes of plasticization, the viscosity of the kok-saghyz solution de- 
creased 3.5 times in comparison with that of the original rubber, while the vis- 
cosity of the smoked sheet solution decreased only 2 times. It was impossible 
to plasticize kok-saghyz longer than 10 minutes under these conditions, since 
it became completely liquefied. This propensity to destruction is evidently 
explained by the fact that domestic kok-saghyz is distinguished by a high con- 
tent of iron and manganese, which are positive oxidation catalysts. 

The relation of the fluidity temperature to the molecular weight of natura! 
rubbers must be taken into consideration by technologists in the development of 
systems of processing rubber and preparing rubber articles. 


CONCLUSIONS 


The vitrification temperature of natural rubbers does not change with 
change of molecular weight, whereas the higher the molecular weight of the 
rubber, the higher is its fluidity temperature. 
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GRAFT POLYMERS DERIVED FROM 
NATURAL RUBBER * 


G. F. Bioomrtetp, F. M. Merrerr, F. J. 
AND P. McL. Swirr 


Barisn Rusper Propucens’ Researcn Association, 


Conventional methods for reinforcing natural rubber involve the addition of 
carbon black or inorganic fillers. More recent developments in reinforcement 
have utilized polymeric resinous materials, such as lignin, cyclized rubber, 
phenolic resins, and vinyl polymers in finely divided form, and the degree of 
reinforcement obtained appears to be very dependent on the degree of dispersion 
and physical form of the dispersed particles as effected by mixing or coprecipitat- 
ing rubber with the reinforcing agent. 

An alternative technique involves the chemical grafting of vinyl polymer 
side-chains on to natural rubber. ‘This should have a dual effect: first, the 
attached side-chains should be coiled and hence simulate the fugiction of par- 
ticulate fillers, and, being polymeric in character, might be expected to improve 
the fatigue properties without loss of elasticity ; secondly, there is the possibility 
of control of the elastic properties of the product by variation in the polarity, 
flexibility, and chemical reactivity of the attached side chains. 

Among the earliest recorded attempts to modify rubber by polymerization 
of monomers dissolved in rubber or dispersed in latex were those sponsored by 
the Rubber Growers’ Association’. Later, Compagnon and Le Bras? described 
polymerization of acrylonitrile and other vinyl monomers in deammoniated 
rubber latex, with the aid of rather substantial amounts of ethyl hydroperoxide, 
benzoyl peroxide, or persulfates. In some instances the solubility of the pro- 
duct was quite different from that of either the rubber of the polymer or mix- 
tures of the two. Persulfate initiators appear to be less sensitive to ammonia 
than benzoyl peroxide, and some interesting modifications of rubber by poly- 
mers, and of polymers by rubber, have been described in the patent literature’. 
Working under very considerable difficulty during the Japanese occupation of 
Java, Koolhaas, van der Bie, and van Essen‘ succeeded in showing that some 
vinyl monomers (including acrylonitrile, methyl! methacrylate, and styrene) 
could be polymerized after their addition to rubber latex, although ammonia 
was again observed to have a retarding action. 

In none of the foregoing work has there been any clearcut evidence of com- 
bination of polymer with rubber, either by polymeric interaction or by graft 
polymerization. Nor have the modified rubbers been systematically evaluated. 

In the present work the emphasis has been laid in the first place on establish- 
ing that combination does take place between rubber and the vinyl polymer and 
in determining the number and the length of the grafted chains. In addition, 
the aim has been to graft these side-chains on to the rubber by methods which 
could be controlled by known polymerization techniques. 


* Reprinted from the Rubber World, Vol. 131, No. 3, pages 358-360, 418, December 1954. This paper 
was presented at the Third Rubber Technology Conference, London, June 1954. The work forme part of « 
program of research undertaken by the Board of the British Rubber Producers’ Research Association 
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TRANSFER MECHANISMS IN THE FORMATION 
OF GRAFT POLYMERS 


Rubber contains labile a-methylenic hydrogen atoms, which should be prone 
to capture by a growing vinyl polymer chain, which would thus be converted 
into a polymer molecule, while a free radical center would be created on the 
rubber molecule. From this center a new polymer chain should grow. Such 
transfer reactions have been studied extensively with viny] monomers and ordi- 
nary transfer agents, such as isopropylbenzene, which contains an a-methylenic 
hydrogen atom, and carbon tetrachloride which has a labile halogen atom. 
It is well known that the molecular weight of the vinyl polymer due to early 
termination by the transfer agent obeys the relation: 


(8) 
(M) 


+C (1) 


P, 
where Py is the chain length in the absence of transfer agent, and P is the chain 
length when there is a molar ratio (S)/(M) of transfer agent to monomer. C is 
the transfer coefficient, and it expresses the frequency with which transfer 
oceurs relative to the ordinary growth of the polymer chain. In the case of 
normal transfer agents, the polymer chains initiated by catalyst or from the 
transfer agent are indistinguishable and inseparable. But when a macromolec- 
ular transfer agent is used, the chains initiated from the catalyst in the first 
step of the reaction will be free unattached vinyl polymer, whereas those initi- 
ated as a result of the transfer reaction will be attached to the rubber. The 
ratio R of bound polymer to free polymer is given by the relation: 


R = Py.C.(8)/(M) (2) 


The magnitude of C, the transfer coefficient, is a major factor in determining 
both P and R, and experiments were first made with a model polyisoprenic 
hydrocarbon dihydromyrcene (DHM), in which the a-methylenic groups have 
a similar chemical reactivity to those in rubber. These experiments® gave the 
following values for C. 


Monomer Transfer coefficient 
Styrene 2X 
Methy! methacrylate 7 xX 10~ 
Acrylate 4x 10" 
Vinyl acetate 4X 


From Equations (1) and (2) it can be seen that styrene should give a small 
number of long chains, the ratio of attached to free polymer being small, 
whereas with vinyl acetate there should be a large number of small chains 
grafted to the rubber, with only a small amount of unattached vinyl! polymer. 
Examination of these differences has been impeded by the fact that both DHM 
and rubber severely retard the polymerization of vinyl acetate. For this 
reason, and also because it was believed that longer side-chains would give a 
more readily detectable pattern of combination with rubber, the methyl 
methacrylate and styrene systems have been studied more. 


GRAFT POLYMERS BASED ON METHYL METHACRYLATE 
AND STYRENE 
When the interaction of rubber and methyl methacrylate was studied in 
solution, it was found that, using benzoy! peroxide as catalyst, combination did 
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take place, but that the attached polymer chains were very much shorter and 
more numerous than the unattached chains*. The proof of this condition de- 
pended on a rigid separation of the three possible components of the reaction, 
viz., rubber, rubber-vinyl polymer compound, and free vinyl polymer. 

The separation was made by adding methy! alcohol to a | per cent solution 
in benzene of the “‘gross’’ polymer. All the free rubber precipitated after 25 
per cent of alcohol (on the volume of original solution) had been added. Sub- 
sequent addition of alcohol caused the formation of a very stable sol, the par- 
ticles of which apparently consisted of a collapsed rubber chain, kept in Brown- 
ian movement by the continued solubility of the vinyl polymer side-chains. 
The extraordinary stability of this sol, which does not coagulate on boiling or 
on treatment with large concentrations of ionic substances, such as calcium 
chloride, testified to the marked degree to which the rubber had been modified. 
When about 180 per cent of methyl! alcohol had been added, the sol floeculated 
(aided by the presence of a minute trace of calcium chloride), presumably owing 
to collapse of the side-chains. After a certain further addition of methy! 
alcohol, the free vinyl polymer started to separate; there was always a reason- 
able gap between flocculation of the sol and the precipitation of the free viny! 
polymer. Critical checks of this separative procedure showed that effective 
separation had taken place, and confirmed that the middle fraction was un- 
doubtedly the rubber-polymer compound alone. A suitable modification to 
the solvent mixture enabled the method to be applied to styrene-modified 
rubber. 

The relative amounts and molecular weights of the three fractions present 
showed that, while the free vinyl polymers reached their expected molecular 
weight in the range 200,000 to 500,000, the attached chains had a molecular 
weight as low as 2000, that is, about 20 monomer units. This statement was 
true of both methyl methacrylate and styrene, despite their different transfer 
coefficients. The amount of bound vinyl polymer, despite the shortness of the 
chains, was somewhat greater than that calculated from the transfer theory. 


INFLUENCE OF INITIATOR ON COURSE OF POLYMERIZATION 


The efficiency of benzoyl peroxide is known to vary with environment, owing 
to complicated side reactions; therefore the above experiments were repeated, 
using azoisobutyronitrile (AZBN), whose decomposition is known to be in- 
sensitive to environment. The results showed that very little vinyl polymer 
was attached to the rubber; 95 per cent or more of the monomer polymerized 
gave free polymethyl methacrylate or polystyrene of the usual high molecular 
weight. 

This difference in behavior of systems initiated with peroxides and AZBN 
can be demonstrated visually. If methyl methacrylate containing 10 to 20 
per cent of dissolved rubber is polymerized in bulk with benzoyl peroxide, a 
tough translucent polymer is obtained. With AZBN, the product is an opaque 
brittle mass, demonstrating the poor mutual solubility of rubber and free viny! 
polymer. 

Thus neither the results with benzoyl peroxide nor with AZBN as catalyst 
correspond with those predicted by the transfer theory. It is not possible to 
say whether the large number of attached chains produced is due to direct 
attack on the rubber by peroxidic catalysts or to a higher transfer rate as soon 
as the first transfer act with the rubber has occurred. The former is unlikely 
because of the very great increase of the number of required initiating points, 
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and the latter is complicated because the experimental results show clearly that 
the graft side-chains are spread evenly among al! the rubber molecules. The 
failure of AZBN to produce graft polymer, while allowing polymerization of the 
monomer to proceed to high yields independently of the rubber, would appear to 
eliminate transfer as the operative step in the formation of graft polymers. 


GRAFT POLYMERS FROM RUBBER LATEX 


Although the foregoing quantitative interpretation of the reaction of styrene 
and methyl methacrylate with rubber has been derived from experiments con- 
ducted in solution, the same state of affairs has been shown to exist in poly- 
merizations conducted in rubber latex, irrespective of whether benzoy! peroxide 
or an activated hydroperoxide oxidation system was used. Persulfate initiation 
of methyl methacrylate gave substantially less graft polymer and, correspond- 
ingly, more free polymer. 

On a technical scale, the preferred initiator for the preparation of graft poly- 
mers based on either styrene or methy! methacrylate was a polyamine-activated 
hydroperoxide’, since this gave high yields without the necessity of deammoniat- 
ing or deareating the latex. 


TECHNOLOGY OF GRAFT POLYMERS 


Hard vinyl polymers, such as styrene and methyl methacrylate, substanti- 
ally reinforce rubber, whether present in simple admixture with rubber (desig- 
nated mixed polymers) or as graft polymers in admixture with the concomit- 
antly formed free polymer (the total composition is treated as graft polymer 


and is accordingly so designated in this paper). The graft polymers can be 
readily compounded and cured in conventional recipes to give light-colored 
articles of high tensile strength, and, in the case of rubber-methyl methacrylate, 
they show reduced hysteresis and outstanding resistance to flex cracking and 
fatigue. Stiffening at low elongations is greater with mixed polymers than with 
graft polymers, but is similar at higher elongations (more than 300 per cent) ; 
a given level of reinforcement in styrene graft polymers requires about 50 per 
cent more monomer than is the case with methyl methacrylate. Fuller details 
of the technical properties of these graft polymers will appear elsewhere’; 
softer vinyl polymers, as exemplified by the higher methacrylates, give less 
reinforcement as the size of the ester group is increased (Table 1). 

Acrylates behave similarly to methacrylates in giving good yields of graft 
polymers in the presence of rubber, but the products are substantially different 
in that snappy insoluble materials are obtained if the polymerization is allowed 
to run to high monomer-conversion. These products undergo finite swelling in 
solvents and thus appear to be heavily cross-linked, although the cross-linkages 
are of an unusual type in that the material can be readily sheeted into a smooth 
velvety sheet on a cold mill. Although an infrared examination of cast films 
showed the unsaturation to be mainly intact, the acrylate graft ploymers appear 
more resistant than raw rubber to thermal oxidation, and no useful vuleanizates 
can be obtained with either accelerated sulfur, peroxides, tetramethylthiuram 
disulfide, alkalies, or quninone dioxime recipes. Higher acrylic esters give 
similar materials. Consequently no technical information is available on 
acrylate graft polymers. 

Progressive replacement of methy! methacrylate by ethyl acrylate in rubber- 
methyl! methacrylate graft polymers reduces the modulus of the rubber-methyl 
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TaBLe | 
TENSILE Properties or Grarr Polymers 
(30 Parts methacrylate per 100 rubber) 
Compounding: Polymer 100 
Zine oxide 
Sulfur 
Stearic acid 
Santocure 
PBN 
Cure: 20 min. at 140° C 
Tensile strength 


Kg./ Lb. /sq. 
Methacrylate em.? in. 


Methy! 280 3982 
Ethyl! 246 3413 
Iso-buty! 225 3200 
n-Buty! 190 2702 
B-Ethoxy- 

ethyl 198 2816 


methacrylate vulcanizate, without apparently introducing any advantageous 
feature (Table 2). 


TABLE 2 


TensiLe Prorverties or Eruyt 
Grarr 


(Compounding and Cure as Table 1) 
Monomers 
polymerized 
per 100 Tensile strength M 100 M s0 
rubber 4 


Kg./ Eb. Kg Lb Kg Lb. / 


MM % em.? sq. in em.? aq. in 
70 383! 550 38 540 128 1820 

200 ‘ 420 36 512 125 1778 

233 3318 483 26 370 112 1503 

204 ‘ 448 40 127 111 1578 

212 ‘ 455 25 356 111 1578 


CROSS-LINKING AGENTS IN GRAFT POLYMERS 


When a divinyl! monomer is added to the styrene or methyl methacrylate 
used in the above systems, the graft polymer is modified by the cross-linking 
introduced between the polymeric side-chains and the free polymer, but sub- 
stantial proportions of divinyl monomer can be added before the polymers 
become unprocessible. The modified polymers are generally harder, but the 
principal effect of the divinyl monomer is an enhanced tear resistance, which is 
otherwise poor in unmodified rubber-styrene or rubber-methyl methacrylate 
graft polymers. 


POLYMERIZATION OF OTHER MONOMERS IN PRESENCE 
OF RUBBER 


The polymerization of vinyl acetate is so severely retarded by rubber and 
polyisoprenes® that it would be predicted that graft polymers derived from viny! 
acetate cannot be prepared. Only the presence of high proportions of emulsify- 
ing stabilizers has led to any success in polymerizing viny! acetate in rubber 
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latex, and under these conditions the monomer polymerized independently of 
the rubber to give a mixed product indistinguishable from that obtained by 
mixing rubber latex and a polyvinyl acetate emulsion. Possibly for similar 
reasons, viny! chloride has not been successfully polymerized in the presence of 
rubber. 

Although activated persulfate initiating systems are very efficient in bring- 
ing about the polymerization of vinylidene chloride and acrylonitrile in aqueous 
systems, they are singularly ineffective in promoting polymerizations of these 
monomers in rubber latex. The very active oxidation-reduction system com- 
prising hydroperoxide/ferrous iron/dihydroxyacetone" proved much more 
effective, and high conversions of both monomers were obtained at 40° C in 
rubber latex stabilized with Lubrol-W or Perlanerol-C. No practical applica- 
tion has been found for the rubber-vinylidene chloride product, owing to its 
thermal instability, which was greater than that of the product obtained by 
simple admixture of rubber latex and polyvinylidene chloride latex. Its total 


TABLE 3 
Prorverties or ACRYLONITRILE-Mopiriep 
aT Optimum Cure ” 
Vulcanizing ingredients per 100 parts of rubber in polymer 

Zine oxide 
Sulfur 
Stearic acid 
Santocure 
PBN 
Parts acrylonitrile per 100 rubber: 26 11.5 
Cure (min. at 140° C) (Ib./in.*) 40 
Tensile strength (kg./cm.*) 82 (1166) ¢ (1394) 69 
Elongation at break 223 
M00, kg./em.? (lb. /in.*) 51 (725) 
Mooo, kg./em.? (Ib./in.*) 75 (1067) 
B.S. I. hardness 86 
Increase in length in: 

Benzene 36 

Standard fuel 24 

Oi} 12 


insolubility in a wide range of solvents and solvent pairs effectively prevented 
the application of separative procedures, as used for methyl methacrylate and 
styrene. Such gross insolubility was indicative of a graft polymer, but did not 
afford an unequivocal proof of structure, owing to the unknown effect of molee- 
ular entanglement and the known insolubilizing effect on rubber of the very 
active initiator used 

The same dihydroxyacetone initiating system has effected high conversions 
of acrylonitrile in rubber latex without having recourse to the high proportions 
of peroxidic initiators used by Compagnon and Le Bras*. Again the product 
was too insoluble for structural analysis. Vuleanized acrylonitrile-modified 
rubber showed the anticipated resistance to solvents, but its elastic properties 
were very poor at the levels of acrylonitrile necessary to obtain effective resist- 
ance to solvents. 

SUMMESRY 


Graft polymers result when vinyl monomers are polymerized in the presence 
of natural rubber, either in solution or as latex, and some of the polymeric 
chains become attached to the rubber molecules. The properties of the natural 
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rubber can be widely modified according to the nature and the amount of the 
grafted polymer. The polymer-modified natural rubber appears to be pro- 
duced by direct growth of polymer chains on to rubber molecules rather than 
by a transfer reaction involving the rubber. 

Graft polymers of styrene and methyl! methacrylate with natural rubber can 
be compounded and cured to give light-colored articles of good tensile strength, 
and rubber-methy!l methacrylate graft polymers have outstanding flex-cracking 
and fatigue resistance. 
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GROWTH AND AGGLOMERATION OF PARTICLES IN 
LOW-TEMPERATURE GR-S TYPE OF LATEX* 


R. W. Brown anv L. H. How.Lanp 


Uniren States Reseen Co., Navearock Cusmica, Diviston, Naucaruck, Conn. 


Previous developments in low-temperature polymerization of GR-S latexes 
at this laboratory have been published'. This paper describes studies on the 
agglomeration of latex particles during and after polymerization. 


AGGLOMERATION OF FINISHED LATEX 


Medium- and low-solids latex recipes are characterized by faster and more 
uniform polymerization rates than are comparable high-solids recipes and, con- 
sequently, they give greater productivity in plant operation. Methods of 
agglomerating the resulting small particle-size latexes sufficiently to allow con- 
centration to 50-60 per cent solids are therefore of interest, and several methods 
have been deseribed?. In addition, we have found that treatment of the latex 
with relatively large volumes of a solvent for the contained polymer causes 
smooth agglomeration. 

TABLE | 
AGGLOMERATION OF A Mepium Larex with Benzene 
Original Agglomerated 
Solids (per cent) 
Viscosity (cps ) 
Optical density* at 7000 A. U. 
Average particle diameter, A. U.f _ 
Relative number of particles per unit weight 


Surface tension (dynes/cm.) 
pH value 9.7 


* The relation between optical density and particle size has been described by 8. H. Maron in a private 
communication to the Federal Facilities Corp., Office of Synthetic Rubber 

+ Unless otherwise stated, all particle sizes were estimated from optical density measurements at 7000 
4. wave length 

! Calculated from average particle size 


Table 1 shows properties of a medium-solids GR-S latex (J-6083) before and 
after agglomeration with 80 per cent of its volume of benzene. The benzene 
was removed by steam distillation and the latex reconcentrated before testing. 
The polymerization recipes for this and other experimental latexes are in 
Table 2. 

Several other water-insoluble organic solvents were also tried as agglomerat- 
ing agents. In general, the hydrocarbons and their halogen derivatives were 
found to give smooth agglomeration, while more polar compounds such as 
diisobutylearbinol and nonylphenol caused excessive coagulum. It appears 
that the effective agglomerating agents are those which act as solvents or swell- 
ing agents for the contained polymer. This point was confirmed by flocculating 

+ Reprinted from the Rubber World, Vol. 132, No. 4, pages 471-477 and 486, July, 1955. This paper was 


presented at the meeting of the Rubber Division of the Chemical Institute of Canada, Niagara Falls, 
(ontario, May 20, 1055 
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TABLE 2 
POLYMERIZATION Recipes ror LATEXES 


J-6475 J-6477 
(X-753 (X-758 
J-6083 Type) Type) 
Butadiene 50 86 70 
Styrene 50 30 
Water (total) 140 69 65 
DIBH* 0.1 0.1 0.1 
SFSt 0.1 O15 0.05 
FeSO,:7H,O 0.003 0.002 0.003 
EDTAt 0.012 0.004 0.006 
Potassium soap of dispropor- 
tionated rosin acid 

Potassium oleate 1.85°° 
Dispersing agent§ 0.74** 
K,S5O 


NasPO,-12H,0 0.26** 
KCI 


Sulfole® 
Shortstop, KDMDTC! 
Conversion (per cent) 
Reaction time (hours) 
Polymerization temp. (° C) 
hydroperoxide. 
t Sodium formaldehyde sulfoxylate dihydrate. 
} Ethylene diamine tetraacetic acid, tetrasodium salt. 
Sodium salt of condensed naphthalenesu!fonic acids. 
| T ert-Dodecanethiol 
Potassium dimethyldithiocarbamate. 
** Added in increments, 65% at start and 35% at 18% solids 
tt Added in increments, 50% at start and 41% at 25% solids 


samples of the polymer and immersing them in the various solvents. Solvents 
which gave smooth agglomeration dissolved the polymer or caused several 
hundred per cent swelling. Further confirmation of the relation between swell- 
ing and agglomeration was obtained by use of a cross-linking agent. A latex 
was prepared with 5 per cent divinylbenzene in the monomers to give insoluble 
polymer. Treatment of this material with benzene caused 30-60 per cent of 
the polymer to appear as coagulum. Normally the amount of coagulum does 
not exceed | per cent. 

Differences in appearance of the latex during agglomeration are noticeable 
when solvents or nonsolvents for the polymer are used. Solvents cause a pro- 
gressive thickening, or even gelation, usually followed by some thinning as ag- 


TABLE 3 


AGGLOMERATION OF A Larex wirn 
VARYING AMOUNTS OF BENZENE 


Latex, ml. (50°% solids) 100 100 100 100 100 
Benzene (ml.) 12.5 25.0 50.0 
% of polymer - 25 5O 7 100 
Hydrocarbon*/H,0O ratio 1.0 1.2 1.5 2.0 
Optical density 0.25 0.46 0.88 1.92 

Average particle diameter 
( A S 1000 1300 1850 1950 2650 
Relative number of parti- 
cles per unit weight{ 100 45 16 13 5 
* Polymer plus benzene. _ 
+ Estimated from particle size. 
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GENZENE-VOLUME PERCENT. OF POLYMER 


Fic. 1.--Effeet of benzene on particle size of 50% GR-8 type of latex. 


glomeration occurs. When a nonsolvent is added, the latex remains fluid, and 
small particles of coagulum soon appear. 


EFFECT OF VAKYING AMOUNTS OF BOLVENT 


In order to determine the amounts of solvent necessary for agglomeration, 
benzene was added in increments to a medium solids latex similar to J-6083 at 
50 per cent solids. A small sample was removed after each increment, and the 
particle size measured. Table 3 shows that an amount of solvent equivalent 


TABLE 4 


AGGLOMERATION OF A Mepium Soups LaTex with 
VARYING AMOUNTS OF ISOPRENE 


lsoprene, volume % of polymer 2! 100 125 
Hydrocarbon*/H) ratio 1.6 
Optical density BE y 0.63 
Average particle diameter (A. U.) f 2! 1550 
Relative number of particles/unit weightt 100 77 4l 


* Polymer plus isoprene } 
t Approximated from particle size. 


PERCENT SOLS 


Viscosity of agglomerated and unagglomerated latexes. 
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TABLE 5 


AGGLOMERATION WITH BENZENE aT VARYING 
Leve.ts 


Latex (50% solids ) (ml.) 200 200 200 Control* 
Benzene (ml.) 100 100 100 100 

Added H,O (ml. 14 33 60 
Hydrocarbont/H,0 ratiot 1.75/1 1.50/1 1.25/1 

Optical density Ll 0.64 0.42 0.31 

Average particle size, (A. U.) 1600 1300 1100 

Surface tension (dynes/cm.) 46 57 62 - 

* Untreated base latex. 


+t Polymer plus benzene. 
t Volume ratios. 


to 50-75 per cent of the volume of the polymer was necessary to increase the 
particle size to the range necessary for high solids latex. In Figure | the par- 
ticle size is shown as a function of the amount of benzene added. 

Since practical application of this method of agglomeration in a synthetic- 
rubber plant would probably involve the use of butadiene as the solvent, it 


6/10 


125710 150/10 
/ WATER RATIO 


Fie. 3.--Effect of hydrocarbon/water ratio on agglomeration of medium-solids latex 


appeared desirable to carry out an agglomeration with it or a related compound 
Isoprene was substituted for butadiene because of its comparative ease of 
handling. Table 4 shows the results of agglomerating a medium-solids latex 
at 45 per cent solids with increments of isoprene. 

A comparison of the data of Tables 3 and 4 indicates that benzene is a some- 
what more efficient agglomerating agent than isoprene on an equal volume basis. 


6 


AGGLOMERATION WITH VARYING AmMoUNTS OF BENZENE AT A CONSTANT 
HyprocarBon/Warer Ratio 


Latex (50°, solids) (ml.) 200 200 200 
H,O (ml.) 12.5 25 

t Benzene (ml.) 100 125 150 

* Optical density 1.42 1.85 1.98 
Average particle diameter (A. U.) 2300 2600 2700 
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hic. 4.— Electron photomicrographs slowing particle growth during solvent agglomeraticn of medium- 
solids latex (magnification, 48,000 times). A--0% benzene; benzene; and D 
benzene 


Some of this difference, however, is due to the difference in solids content of the 
latexes, a variable to be discussed in the following section. 

The relative numbers of particles shown in Tables 3 and 4 are only an ap- 
proximation, but were calculated to emphasize the very large decrease in par- 
ticle number which is brought about by agglomeration. Figure 2 shows a 
comparison of viscosity characteristics of agglomerated and unagglomerated 
samples (original and final latexes of Table 4). It is apparent that the agglom- 
erated sample has good viscosity characteristics in the 60 per cent solids range. 


EFFECT OF HYDROCARBON/ WATER RATIO 


The first work was carried out without much regard for the hydrocarbon 
water ratio. If the latex became jelled, additional water was added to aid in 
agitation. Variable results led to a study of the effect of this ratio. Table 5 
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and Figure 3 show the results of agglomerating a medium water latex with a 
constant volume of latex and benzene, but with the addition of varying amounts 
of water. 

It is apparent that the hydrocarbon/water ratio exerts a large effect on the 
amount of agglomeration. To confirm these data, another series of runs was 
made in which the latex was diluted with water, but the hydrocarbon/water 
ratio was maintained constant at 2/1 ratio by increasing the amount of benzene 
added. Table 6 shows that, under these conditions, the amount of agglomera- 
tion increased somewhat, presumably owing to the higher hydrocarbon/soap 
ratio. 

EFFECT OF TEMPERATURE 
In order to determine the effect of temperature on the extent of agglomera- 


tion, experiments were carried out in which a medium solids latex was agglom- 
erated at 50 per cent solids with toluene (100 volume per cent of latex solids) 
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Vic, 5.--Number average particle-size distribution of solvent agglomerated latexes 
compared with control with solvent. 


at 2, 50, and 80° C. Final particle sizes were 2600, 2700, and 2750 A. U., 
respectively, indicating that temperature has only a slight effect on the extent 
of agglomeration. 

In other runs with benzene as the agglomerant at 26 and 50° C in which 
samples were taken at various time intervals, the rate of agglomeration was 
somewhat faster at the higher temperature. The process is rapid at either 
temperature, being essentially complete in 40 minutes at 25° and 20 minutes at 
50° C. 

EFFECT OF SOAP AND DISPERSING AGENT 

In order to determine whether additional soap would prevent solvent ag- 

glomeration, a 1000-Angstrom latex* containing five parts of soap per hundred 


of polymer was agglomerated with benzene, after addition of three parts of 
disproportionated rosin soap. The final particle size was 2200 A. U., compared 


hie. 6.—Weight av ae ~ particle-size distribution of solvent agglomerated 
texes compared with control 
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to 2500 A. U. for a control latex agglomerated with no added soap. Apparently 
additional emulsifier has only a moderate effect on this type of agglomeration. 

Addition of a condensed naphthalene sulfonate dispersing agent before 
agglomeration appeared to have little or no effect on agglomeration, but de- 
creased viscosity both during and after treatment. Table 7 shows agglomera- 
tion with and without added dispersing agent. 


CHANGES IN PARTICLE-SIZE DISTRIBUTION 


In order to determine the effect of agglomeration on particle-size distribu- 
tion, electron photomicrographs were taken of the agglomerated samples 
described in Table 3. Figure 4 shows sections from some of these photomicro- 
graphs, and in Figures 5 and 6 the number and weight distribution for three of 
the samples are shown. It should be emphasized that, because of the very 
large mass of the largest particles and their infrequent occurrence compared to 
the small ones, it is impossible to obtain a smooth distribution curve from these 
photographs, except by counting a prohibitively large number of particles. 
It is also very difficult to get a good value for the weight per cent represented 
by the large particles, although the relative numbers can be determined quite 
accurately. 

TaBLe 7 
EKrvect or Dispersinc AGENT ON SOLVENT AGGLOMERATION 

Latex (50° solids) (ml.) 200 Control* 
Benzene (ml.) 100 - 
Optical density 2.17 4 0.25 
Particle size (A. U.) 2850 1000 
Concentrated solids 62.7 a7. 51.0 
Viscosity (eps.) (Brookfield) 340 1680 


* Untreated base latex. 
t Sodium salt of condensed naphthalenesulfonic acids. 


The photomicrographs, however, do show that in the original latex the 
majority of particles (about 80 per cent) were in the range of 600 to 800 A. U. 
As agglomeration proceeded, the particles appear to have merged randomly 
with a consequent wide distribution, in which no particular size predominated. 
Even in the most extensively agglomerated sample, there were still appreciable 
numbers of 700 to 800 Angstrom particles, although their contribution to the 
total weight had become negligible. The very large relative amount of weight 
represented by two particles in each of the agglomerated samples (Figure 6) 
emphasizes the difficulties referred to earlier. 


AGGLOMERATION DURING POLYMERIZATION OF HIGH 
SOLIDS LATEX 


PARTICLE GROWTH AS A FUNCTION OF CONVERSION 


A consideration of the conditions during agglomeration of these medium- 
solids latexes shows that they are quite similar to those existing at intermediate 
conversions of high-solids latex recipes. For example, a system containing 100 
parts of latex at 50 per cent solids agglomerated with 50 per cent of its weight of 
benzene (50 parts water, 50 parts polymer, 50 parts benzene) is very similar to a 
high-solids latex at 50 per cent conversion (50 parts water, 50 parte polymer, 
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Fic. 7.--Particle growth of X-753, solids, GR-S type of latex during polymerization (magnifica- 
tion, 48,000 times A--12.5% conversion; B-—26.5% conversion; conversion; D--37% con- 
version 70 hours’ aging 


50 parts monomers). It therefore appeared that extensive solvent agglomera- 
tion must go on during polymerization. To check this assumption a 20- 
gallon pilot-plant batch of X-753 type of latex (J-6475) was prepared and 
sampled at various conversions. Since, at the time this work was done, it ap- 
peared that the agglomeration might be occurring over a relatively long period 


TABLE 
Particle Grown in J-6475 (X-753 Tyre) Larex 


Hours of polymerization 5 14.0 14.0 14.0 14.0 
After shortetop - 5 5 ‘ 

Conversion (%) 

Optical density 

Average}particle size (A. U.) 

Relative number of particles (470) 1000 

Solids at 1000 eps. viscosity (%) . mt 


| 
57.6 
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of time, the batch was not completed, but short-stopped at 37 per cent conver- 
sion and held in the reactor for an additional 70 hours. Data are collected in 
Table 8. The polymerization recipe is shown in Table 2. 

It is apparent that in the initial stages of polymerization this latex contained 
far too many particles for a high-solids latex. Calculation shows that a latex 
with an average particle size of 400 A. U. at 26 per cent conversion, which in- 
creases in particle size only by uniform growth of particles already present, will 
have an average particle size of only 530 A. U. at 60 per cent conversion (400 


¥60/26). The abrupt increase of particle size between 26 and 37 per cent con- 
version must be attributed to some other factor, apparently solvent agglomera- 
tion caused by unreacted monomers dissolving in the latex particles. This 
agglomeration also can explain the typical decrease of polymerization rate 
normally found in high-solids latex recipes between 20 and 30 per cent con- 
version. The relative number of particles given in Table 8 shows that only 
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PERCENT, SOLIDS 

Pia. 8.--Effect of aging in reactor on the viscosity of X-753 latex. 
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Pia. 9.-—Particle growth of X-758, high solids, GR-S type of latex during polymerization (magnifica- 
tion, 48,000 times A 12° conversion; B--20% conversion, C-—28% conversion; D-460% conversion 
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about 3 per cent of the initial number was left after agglomeration. This figure 
is an approximation, but it obviously is small enough to have a severe effect on 
polymerization rate if an approximation of the theory‘ that polymerization rate 
per particle is constant in emulsion polymerization holds in these recipes. 
Electron photomicrographs of the first three and the final samples of Table 
8 are reproduced in Figure 7. The photomicrographs correlate well with the 
data discussed above. The first two samples (12.5 and 26.5 per cent conver- 
sion) show a small particle size, nearly monodisperse latex ; while the 37 per cent 
conversion sample has many large particles, although the minimum particle 
size increases about as would be expected from the per cent conversion. (A 
measured ratio of average diameters of the smallest particles in the three micro- 
graphs of 1.0/2.1/3.3 was obtained compared to a calculated ratio of 1.0/2.2, 
3.0.) Had polymerization been allowed to continue, of course, the smaller 
particles would have grown faster than would be calculated from the conversion 
increase, owing to the bulk of relatively inactive large particles. The final 
micrograph, taken after 70 hours’ aging, shows no change of size of the basic 
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particles, and, as would be expected from the random scattering of large par- 
ticles, appears visually like the third sample, taken before aging, although the 
average particle size has increased considerably. 

Viscosity vs. solids curves (Figure 8) show a slow progressive improvement 
on aging in the reactor, correlating with the increased particle size found by 
turbidity measurement. The magnitude of this slow growth is small, however, 
compared to the rapid initial agglomeration. 

Another pilot-plant batch, J-6477 (GR-S 2105 type) was sampled and 
studied at various conversions up to 60 per cent. Data are collected in Table 
9. The polymerization recipe is shown in Table 2. 

In this latex, agglomeration started much earlier and was more extensive 
than was the case with J-6475. Another unexpected result was the decrease of 
average particle size between 36 and 45 per cent conversion. An examination 
of the electron photomicrographs (Figure 9) shows that an extensive group of 
new particles was formed as early as 28 per cent conversion and was apparently 
responsible for decreasing the average particle size. 

The formation of new particles in X-758 (GR-S 2105) latex after stabilizer 
addition has been reported previously®, but in this case agglomeration appeared 
to proceed so far that free soap was released and new particles were started 
before the stabilizer was added at 36 per cent conversion. Reaction rate char- 
acteristics of this recipe are also such as to correlate with new particle formation. 


TABLE 
Growrn In J-6477 (X-758 Type) Larex 
Hours of polymerization J 6.25 16.0 29.0 35.0* 44.0 57.0 
12 20 28 


Conversion (%) 
Optical density 

Average particle size (A. 
Minimum particle sizet (A, I 


* Stabilizer added 
t From electron photomicrographs 


Batches which have become very slow in polymerization rate in the range of 
25 to 35 per cent conversion can often be accelerated to polymerization rates 
nearly as rapid as the initial rate after addition of stabilizer soap. Apparently 
the increase of rate is due primarily to polymerization in new particles. 


EFFECT OF HYDROCARBON/WATER RATIO ON 
AGGLOMERATION DURING POLYMERIZATION 


From the work which has been done previously on solvent agglomeration 
and from the development of higher solids latex in general, it was apparent that 
the hydrocarbon/water ratio during polymerization has a great effect on the 
final latex particle size. In order to determine this effect more precisely, a 
series of bottle-scale polymerizations was carried out in a recipe similar to that 
for X-753 except that no stabilizers were added during polymerization. The 
amount of monomer was reduced stepwise from 100 to 6.25 parts, thereby de- 
creasing the volume ratio of the hydrocarbon to water phase from 2.9 to 0.2. 
Table 10 shows results. It is apparent that this variation in volume ratio of 
the hydrocarbon and water phases has caused a great change in average par- 
ticle size of the resulting latexes. 

A usable high-solids latex should have a viscosity in the range of 500 to 1500 
cps. at 58 to 60 per cent solids. To meet this requirement, the X-753 type of 
latex used in this study should have an average particle diameter in the range 


0.14 0.16 0.61 70 1.93 1.30 23 
720 770 1500 2550 2650 2250 2150 
300 400 700 400 700 900 
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of 1800 A. U. or above. Figure 8 and Table 8 show that J-6475 (X-753 type) 
latex reached a viscosity of 1500 cps. at about 58 per cent solids. This batch, 
however, differs from regular X-753 in that it was shortstopped at 37 per cent 
conversion, and the final stabilizer was not used. The addition of the electro- 
lyte and dispersing agent contained in this final stabilizer would have reduced 
the viscosity to the desired range at 60 per cent solids or higher. A study of the 
data in Table 10 shows that the latex polymerization recipe must have less than 
75 parts of water per 100 parts of monomers in order to give the desired particle 
size for a fluid 60 per cent or higher solids latex. 

The exact particle size necessary for fluidity at 60 per cent solids varies 
somewhat with different formulations, as does the hydrocarbon/water ratio 
necessary to obtain it. For example, the X-758 recipe (Table 2), because of its 
high level of electrolyte (which hepls cause agglomeration), gives a larger 
particle size at about the same hydrocarbon/water ratio than does X-753 
(compare Tables 8 and 9). In addition, higher electrolyte and dispersing agent 


Tasie 10 
Errect or Monomer/H.O Ratio on Parricie Size 


Polymerization recipe: B/S variable (70/30 ratio), DIBHP* 0.1, SFSt 0.1, FeSO, 
-7HO 0.002, EDTA 0.004, K oleate 2.0, Dispersing agent 1.0, 0.5, 50. 


Relative 
no. 

20/100 Particle particles 

Monomers Hydrocarbon g. of Optical size per unit 

charged feo Ratio$ monomers density (A. weight 
100 2.9 5O 1.16 2100 4 
67 2.0 75 0.66 1600 7 
5O 1.5 100 0.35 1150 12 
33 1.0 150 0.10 700 $2 
25 0.7 200 0.036 HOO 55 
12.5 0.4 400 0.012 320 106 
6.2 0.2 800 0.008 250 100 


* Diisopropylbenzene hydroperoxide. 

Bodium formaldehyde sulfoxylate dihydrate 

t Ethylene diamine tetraacetic acid, tetrasodium salt 
$ Volume ratio at 0% conversion. 


content of X-758 gives a lower viscosity at the same average particle diameter. 
Another factor known to affect viscosity is the particle size distribution*, with 
wider distribution usually giving lower viscosity. 


CONCLUSIONS 


It has been shown that it is possible to prepare high-solids latex by poly- 
merizing to an intermediate solids content and particle size, followed by solvent 
agglomeration and concentration. It has also been shown that a somewhat 
similar agglomeration normally takes place at intermediate conversions in 
conventional high-solids latex recipes. The slow rates of polymerization in the 
latter recipes after agglomeration are primarily due to the greatly reduced 
number of particles present. The ratio of hydrocarbon to water is very im- 
portant in determining the extent of agglomeration both during and after 
polymerization. 
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STUDY OF THE KINETICS OF POLYMERIZATION OF 
ISOPRENE IN AQUEOUS SOLUTIONS OF 
EMULSIFIERS AND IN EMULSIONS * 


A. P. SHEINKER AND 8. 8. MEDVEDEV 


L. Ya. Kanvova Scientivic Reseancn Inerirure or Puysica, Cuemisrny 


It has been established earlier' that polymerization in aqueous solutions of 
emulsifiers takes place in the water or in the micellae of the emulsifier, depend- 
ing on the solubility of the monomer and the initiator. The question of the 
topochemical properties of polymerization in emulsions has not yet been defi- 
nitively explained. In a number of studies’, the hypothesis was advanced that 
the process of emulsion polymerization takes place in the micellae of the emulsi- 
fier, according to the degree of conversion of the micellae into polymer-monomer 
particles, with the monomer dissolved in the polymer. 

In order to explain further the mechanism of emulsion polymerization, the 
kinetics of polymerization of isoprene in water, in solutions of emulsifier and 
N-cetylpyridinium bromide, and in emulsions in the presence of a water-soluble 
initiator (hydrogen peroxide) were studied. The dilatometric method was 
chosen for the kinetic measurements of solutions of emulsifier not saturated with 
isoprene, and for emulsions. Experiments with solutions of emulsifier satu- 
rated with monomer were made during continuous saturation of the emulsifier- 
initiator solution with isoprene in the gaseous phase. All the experiments were 
made at 50° C in the absence of oxygen. 

Polymerization of isoprene is not observed if the reaction takes place in a 
water solution of initiator without emulsifier. The addition of an emulsifier to 
such a system greatly accelerates polymerization, for the rate of the reaction 
depends to a large degree on the concentration of emulsifier and the micellar 
concentration of monomer. Thus, in the case of polymerization in N-cetyl- 
pyridinium bromide at concentrations of 11.1 + 71.3 g. per |., saturated with 
isoprene, that is, at constant micellar concentration of isoprene, the rate of the 
reaction is proportional to the concentration of emulsifier. An increase of the 
micellar concentration of isoprene causes an increase of the rate of polymeriza- 
tion (see Figure 1). An increase of the concentration of emulsifier in solution 
from 9.87 to 64.3 g. per |. with the same total quantity of isoprene (which cor- 
responds to a decrease of the micellar concentration of isoprene from 0.338 to 
0.0635 g. per g.) decreases the rate of polymerization from 2.38 to 1.22 g. per |. 
per hr. 

From the relations obtained, it follows that, during polymerization in emulsi- 
fier solutions, in the zone of colloidal solution of the monomer the micellae of the 
emulsifier are the location of the elementary polymerization reactions. 

In the case of polymerization in emulsions, the rate of the reaction in the 
initial period during a change of emulsifier concentration from 9.85 to 63.4 g. 
per |. is proportional to its concentration in the water phase. This indicates 


* Translated for Kussen Cuemisrry anv from the Doklady Akademil Nauk SASH, Vol 
97, No. 1, pages 111-114 (1954) 
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60 120 160 MO mun 
Fic, 1.--Kineties of polymerization of isoprene in N-cetylpyridinium bromide (CPB) solutions not 
saturated with monomer. SPB concentration 28.9 g. per |. HrOs concentration 4.6 g. per 1. CsHs con- 


centration: (/) 0.129 g. per |. of CPB; (2) 0.289 g. per L of CPB. The ordinate indicates the yield of poly- 
mer in grame per liter; the abscissa the time in minutes. 


that here, too, the reaction takes place chiefly in the micellae of the emulsifier 
in the early stages. Globules of an emulsion of the monomer in the case of 
water-soluble initiators can not serve as nuclei of the reaction, because of the 
very small concentration of peroxide in them. As the reaction proceeds, the 
micellae of the emulsifier with the monomer dissolved in them are converted 
into polymeric particles surrounded by an adsorption layer of emulsifier. 

I-xperiments carried out in solutions of emulsifier continuously saturated 
with monomer (see Figure 2) show that, after a short changing period, the rate 
of polymerization remains constant with time and does not depend on the ac- 
cumulation of polymer and dissolved monomer in the latex, but on the distribu- 
tion of emulsifier between the micellae and the adsorption layers on the poly- 
meric particles. This distribution changes during polymerization. It was 
established by special experiments that the amount of dissolved isoprene z, 
depends linearly on the concentration of polymer z, in the latex and comprises 
about 55 per cent of the weight of the polymer: 


Ly = Ley + 


where z,, is the solubility of isoprene in the colloid, at a given concentration of 
emulsifier in latex; a is the solubility of isoprene in the polymer (equal to 0.543). 


Moruy 
wcnapubu 


Fe 


A. 
0 6 120 18 MO 300 3H) 420 mun 
Fie. 2. Kinetics of polymerization in N-cetylpyridinium bromide (CPB) solutions saturated with 
isoprene. Hy» concentration 6.7 g. per |. CPB concentration: 1. perl. 2.99. perl 3. 28.9 


perl 4.469 ¢@ perl 5. 64.2 ¢. perl. The ordinate indicates the quantity of isoprene evaporated 
from the mieroburette, in grame per liter; the abscissa, the time in minutes. 
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Polymerization in emulsions is also characterized by a constant rate with time, 
up to about 50 per cent conversion (see Figure 3). 

The hypothesis that, after conversion of the micellae of emulsifier, with the 
monomer dissolved in them, into polymeric particles, the reaction proceeds in 
the polymeric particles* is not in accordance with the fact that the rate of the 
reaction observed in the experiment is constant. In fact, if polymerization took 
place in the polymeric particles, then the increase of size of the particles at the 
expense of accumulation of polymer and swelling of the polymer in the monomer 
would inevitably lead to an increase of the rate of the reaction with time. 
Furthermore, the increase of the amount of monomer dissolved in the polymeric 
particles (in the experiments illustrated in Figure 2) also must increase the rate. 

Various possible polymerization mechanisms, differing in the location of the 
elementary steps in the process, were studied. The relations obtained for the 
rate of polymerization, derived on the assumption that the reaction takes place 
in the monomer-polymer particles, contradict the experimental data, as one 
would expect. The rate can be constant with time only if we assume that all 
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120 40 «(S60 480) 600 mun 
Fic. 3.—Polymerization of isoprene in emulsions. HO) concentration 6.7 g. per |. Ratio of hydro- 
earbon-water phases 1:3.7. CPB concentration: (/) 9.85 4. perl. (2) 28.64. perl (8) 46.44. per |. 


(4) 63.4. perl. The ordinate indicates the quantity of polymer in grame per liter; the abscissa the time 
in minutes 


the elementary polymerization reactions (initiation, growth, and rupture of the 
chains) take place on the surface of the polymer particles, while the latter re- 
mains constant throughout the reaction. 

Analysis of electron-microscope photographs obtained during the present 
study of latexes of various degrees of polymerization shows that fusion of the 
polymer particles takes place during polymerization. This is confirmed by the 
data of other authors’, and is explained by the fact that a given quantity of 
emulsifier covers, with the adsorption layer which protects the particles from 
fusion, only a definite surface area. Hence an increase of the total surface area 
of the polymer particles during polymerization beyond a certain limit must lead 
to coalescence. 

Thus a constant quantity of emulsifier in the system means a constant total 
surface area of the polymer particles during polymerization. The constant 
total surface area of the particle, as well as the constant rate of the reaction with 
time for experiments in saturated solutions and emulsions leads to the conclu- 
sion that polymerization takes place in the adsorption layer of the emulsifier on 
this surface. Polymerization in the adsorption layer of the emulsifier is caused 
by the fact that, in this layer, the largest quantities of both monomer and 
initiator are present at the same time. 
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This theory is also confirmed by the experimentally observed relation be- 
tween the rate of polymerization and the concentration of peroxide in aqueous 
solution ; this can be represented by the following equation: 


-k’’. Cu,0, 
+ k’ ‘Cu,0, 


(1) 


where Cy,0, is the concentration of initiator in water solution. 

This equation, which resembles that of the isotherm of adsorption, indicates 
the distribution of initiator between the water solution and the surface layers 
of the micellae and polymeric particles. 

The maximum value of the rate of polymerization, which can be established 
by starting with a small concentration of hydrogen peroxide in aqueous solution, 
corresponds to the saturation of the surface layer by the initiator. 

Thus, the polymerization process at any stage takes place in the emulsifier 
layer, at first in the soapy micellas, and then, as the polymer particles grow, in 
the adsorption layer on the surface of the particles. The part of the process 
which takes place in the adsorption layers of emulsifier on the surface of the 
drops of emulsion is quite small. As the polymer particles grow, the adsorption 


TABLE | 
VaLues or k 0.5 Lirer per Gram rer 0.5 Hourn™ 


CPB concentration In saturated In saturated 
(g. per L) solutions solutions In emulsions 


9.9 1.77 2.07 4.62 
28.9 1.74 2.18 4.25 
47.0 2.13 2.19 4.40 
64.5 1,82 2.18 4.42 


Average 1.87 2.15 4.42 


layer of emulsifier is displaced in the direction of the water phase, while remain- 
ing on the surface of the particles. Polymerization does not take place in the 
monomer dissolved in the polymer particles, owing to the exceptionally low 
concentration of initiator in the polymeric particles. 

An equation was derived, on the basis of this theory, for the rate of poly- 
merization in aqueous solutions of emulsifier and in emulsions, according to the 


experimental data: 
141k? 


kaa? 


(2) 


w= 


where w is the total rate of the reaction, k, is the constant of the rate of reaction 
of hydrogen peroxide with the monomer; k,, k.. are the constants of rate of 
growth and rupture, respectively; 7 is the concentration of hydrogen peroxide 
in the surface layers of emulsifier during saturation, k’ and k’” are constants 
expressing the probability of transfer of the molecules of hydrogen peroxide 
from the water solution into the surface layers of the micellae particles and the 
opposite process, respectively. Their values can be determined from Equation 
(1); Cu,o, is the concentration of hydrogen peroxide in aqueous solution; a is 
the amount of monomer dissolved in the emulsifier ; and vy, is the volume of the 
emulsifier with the monomer dissolved in it. 
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At equal concentrations of hydrogen peroxide in water solution, the value of 


keg] 


+k” 
BOs _ k = const. 


The constants k, calculated according to Equation (2) from experiments per- 
formed under varying conditions, remain satisfactorily constant (see Table 1), 
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THE RELATION BETWEEN THE OXIDATION 
AND CHANGE OF STRUCTURE OF A 
BUTADIENE-STYRENE RUBBER * 


N. N. Lezunev anp A. 8S. Kuzminsxil 


Reseancu Iwerrrere or THe Russex Inpusray, Moscow, U.8.8.R. 


Until the present no quantitative relation had been established between 
speed and length of time of oxidation of rubber, on one hand, and the character 
and degree of the corresponding structural changes, on the other. The present 
work is an attempt to fill this gap. 

The specimen under investigation was a heat-vulcanizate of butadiene- 
styrene rubber’ containing 1 per cent of phenyl-2-naphthylamine. Oxidation 
took place in air at 100° and 120° C. The kinetics of the consumption of 
pheny]-2-naphthylamine is presented in Figure 1. The modulus of elasticity, 
E,, was chosen as the index of structure. 

Figures 2 and 3 present the kinetics of the change in the quantity Z,! in the 
process of oxidation of the vulcanizate. 

In previous work? we established that the speed of oxidation of nonpolar 
rubbers in the presence of phenyl-2-naphthylamine could be determined from 
this antioxidant’s speed of combination, W,. 

Assuming that the phenyl-2-naphthylamine reacts with the active centers 
in the exact stoichiometric proportions, we showed that W, equaled the speed of 
initiation of oxidized chains. In the presence of phenyl-2-naphthylamine only 
fairly short primary chains are possible, whose presence determines the change 
in structure of the rubber during oxidation. 

The equation for speed of formation and rupture of the initial active centers 
(no) with which phenyl-2-naphthylamine reacts determines the steadiness of the 
reaction and, consequently, the constancy of W, in time. 

From the conditions of steadiness we have: 


where K, and K, are constants of speed; [II] is the concentration of double 
bonds in the rubber, which is practically unchanged during the whole time in 
which phenyl-2-naphthylamine reacts; [O,] in the concentration of oxygen, 
which is constant under the conditions of the test’; [6] is the concentration of 
phenyl-2-naphthylamine and [no] is the concentration of active centers. 

From (1) it follows (considering that Wy; = bo/tmax) that: 


W, 1 


[mo] = Wa) Kedt (2) 


* Translated for Rusnex Curemieray Tecunotocry from the Doklady Akademil Nauk 8.8.85.R., 
Vol. 86, No. 6, pages 1147-1150 (1952). 
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Fic. 1.-——Kinetics of consumption of pheny!-2- sopey imine in the process of oxidation of a vuleani 
zate. 1, Oxidation at 120°C. 2. Oxidation at 100 he abscissa represents the time of oxidation in 
hours; the ordinate the free pheny!- 2-naphthylamine content 1 


where tmax is the length of time required for complete reaction of phenyl-2- 
naphthylamine ; bo is the original concentration of this antioxidant in rubber; ¢ 
is the length of time of oxidation, and At = tus. — t 

According to present-day ideas, in rubber oxidation the initial active center 
no is an active (radical) form of peroxide, the spontaneous decomposition of 
which (probably extensive) is connected with the rupture of the adjacent Ce=C 


10 06 07 4 49 U4 02 OF 


Fia. 2.—Change in the quantity Ea! in the process of oxidation of a vulcanizate at 120°C. The broken line 
is the theoretical curve. The upper seale of the abscissa represents the time of oxidation in hours 
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& 


Fio. 3.—Change in the quantity £.! in the process of oxidation of a vulcanizate at 100°C. The broken line 
is the theoretical curve. The abscissa represents the time of oxidation ¢ in hours. 


bond; i.e., with the elementary act of destruction. Therefore the rapidity of 
destruction dZ/dt should be proportional to the quantity [mo]: 
dZ Ky W, 
(3 


Integrating with the apparent condition: t = 0, Z = 0, we get 


‘max 4 
Z = Kin Ae (4) 


On the other hand, the decomposition of the original center no leads to the 
formation’ of free radicals R. An approximate thermochemical calculation 
shows that decomposition of one active center no cannot lead to the formation 
of two radicals. It must be noted that on a statistical average m radicals are 
formed, where m is close to unity: 


mR 


The radicals R can react with oxygen, being converted into inactive com- 
pounds‘; recombine with one another (which in the case of rubber is improb- 
able); and react with the hydrocarbon chain, causing polymerization. Here is 
the basic cause of reconstruction of the molecule in rubber oxidation®. 

Since [O,] and [II] are practically constant, the speed of polymerization 
d>/dt is proportional to the concentration of the radicals R; i.e. 


dz 
PCR] = aK = (Ke 
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where t = 0, = = 0; therefore 


— Wa 


-tey | « 


In summation, the speed of structural transformations dS/dt is equal to: 


but the corresponding algebraic sum of elementary acts of structural transfor- 
mation AS is equal to: 


AS =2 Z =| At K In Ag (8) 


When bnax = 1, Equation (8) takes the form 


m mi 
as | (5) + KinAt (9) 


We must note here that in the case of a butadiene-styrene polymer and 
vulcanizates of it, under certain conditions of oxidation, molecular destruction 
first prevails, followed by reconstruction (Figure 4); i.e., a break appears in the 
curve. 

The extreme point reached in time ¢, corresponds to a condition of equilib- 
rium between the speeds of destruction and reconstruction; i.e., 


from which 


Substituting the value q in (9), we get: 


AS ) At. | + In at] (11) 


According to Bartenev’, the number of junctions in the vuleanization net- 
work per unit volume, N, is proportional to the quantity Z,!. Consequently 
the change in the number of junctions during oxidation is equal to: 


AN a(E,} \ initial) ) ad(E,') 
where a is the proportionality factor. Identifying AN and AS, 


A(E,!) = (m — 1) In At 


m 


(12) 


Having measured the increment A(E,') for two periods of oxidation time ft, 
and ts, we get: 


A(E.$) a At./At, ~ (m In At, (13) 
A(E,') At,/At, ~ Ate” + (m — 1) In At, 


129 
bo ) 3 
(6) 
q ( K — = K 
At, 
i-m 
q=K (10) 
At, 


RUBBER CHEMISTRY AND TECHNOLOGY 


Fie. 4.-—Change in the plasticity of the raw polymer in the process of oxidation at 120°C. The abscissa 
represents the time of oxidation in hours; the ordinate the plasticity /, measured by the method of Karrer 


By the use of (13) we can caleulate the quantity m. We made the caleula- 
tion for oxidation of an SKS-30 vuleanizate at 120° C. The mean value of m 
equaled 1,008. Substituting this value in (12), determining next the value 
K /a for t,, and knowing the original value of £,', we constructed a theoretical 
curve of the change in this value during the oxidation of the vulcanizate (dotted 
line in Figure 2). A glance at this figure shows that the agreement between 
theory and experiment is very good. 

It follows from (7) that 


At, 


Note that the quantities g, Ke, K, (and, consequently, A), as determining 
the speed of radical reactions, are almost independent of temperature ; so indeed 
is the quantity m. Thus changes in temperature should have no appreciable 
effect on the quantity 1/At,; from which it follows that At, > const. 

This means that it is possible to calculate how the structure of rubber will 
change during the process of oxidation at a given temperature, according to data 
obtained at another temperature 

We calculated a theoretical curve for the change in A(E,') for the case of 
oxidation of the same specimen at 100° C (dotted line in Fig. 3). Its agreement 
with experimental values was quite satisfactory. Thus a quantitative relation 
was found between the quantities W,, t, and A{E,'); i.e., a connection between 
the course of the chemical reaction and the change in mechanical properties was 
established. 
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INHIBITION OF OXIDATION OF RUBBERS 


RELATION BETWEEN MOLECULAR STRUCTURE AND 
THE EFFECTIVENESS OF INHIBITORS * 


A. 8. Kuzminsxil ann L. G. ANGER?’ 


Scientiyvic Researca Inwetirute or THe Russer Inoverny, Moscow, USSR 


As was pointed out in an earlier article’, retardation of the oxidation of 
rubbers by secondary aromatic amines (arylamines) is due to rupture of the 
oxidized chain which takes place during the reaction of the initial oxygen-bear- 
ing active center of the hydrocarbon with the inhibitor molecule. The chem- 
istry of this process evidently involves the stabilization of the active center at 
the expense of the most mobile hydrogen atom of the arylamine molecule, 
i.e., the hydrogen of the amino group, according to the following scheme: 


ROO’ + AH — * ROOH + A’ 


where R is the hydrocarbon radical, and A is the inhibitor radical. 

It was established that an increase of the complexity of the molecule and the 
presence of substituents in para-position to the pheny! ring have a strong in- 
fluence on the inhibiting action of arylamines. This phenomenon was inter- 
preted as an indication of a relation between the reactivity of the molecule and 
its structure. Both of the means indicated for modifying the structure of the 
molecule must cause a change of the mobility of the hydrogen atom of the amine 
group, and, consequently, the rate of the inhibition reaction as well. 

The purpose of the present study was an experimental investigation of the 
relation between the mobility of amine hydrogen and the molecular structure 
of arylamines. For this purpose, it was necessary to compare the mobility of 
hydrogen in various secondary amines. The method chosen was the compari- 
son of the rates of reaction of amines with a substance which produces cleavage 
of the amine hydrogen. 

The dehydrogenating agent used by the authors was a,a-dipheny!-6-picry!- 


R, 

hydrazy! YN—N—R,|, which is a free radical able to exist for a long time 

in air in either a crystalline state or in benzene solution?. Hydrazy] is capable 

of reacting with amines, with removal of their amine hydrogen. The diphenyl- 

picrylhydrazyl is thereby converted into the corresponding diphenylpicryl- 

hydrazine. 


/ 


NO, 


* Translated for Curmisray anv Tecunoro oy from the Doklady Akademil Nauk SSSR, Vol 
96, No. 6, pages 1187-1189 (1954). 
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Kia. 1.-—Kinetics of the reaction of a,a-diphe nyl- -B-pie with N-methylphenyl-2-naphthy|- 


amine (1) and phenyl-2-naphthylamine (2) at 25° C. C = Concentration of hydrazyl. The ordinate 
indicates the C.10* values; the abscissa the time in minutes. 


This conversion is accompanied by a change of the color of the system: the 
dark violet color characteristic of hydrazyl disappears, and the yellow color of 
hydrazine appears. Thus, the kinetics of separation of hydrogen from amines 
by hydrazy! can be studied colorimetrically. 

First of all, it was necessary to prove that the reaction of hydrazyl with 
secondary arylamines actually is accompanied by removal of amine hydrogen. 
For this purpose we studied the kinetics of the reaction of hydrazy! with phenyl- 
2-naphthylamine and N-methylphenyl-2-naphthylamine. All the reactions 
took place in a benzene solution of chemically pure compounds. The consump- 
tion of hydrazyl was determined by a photoelectrocolorimeter, using a red filter, 
or by a spectrophotometer of wave length 590 mu. This region of the spectrum 
was chosen after a study of the spectra of absorption of hydrazy] and hydrazine 
in the visible range. The experiments were carried out in air, since a previous 
study had shown that the kinetic curves of the reaction of hydrazy] with phenyl- 
2-naphthylamine, photographed in a vacuum (10? mm. Hg) and in air, are 
completely superimposed. As is seen from Figure 1, the reaction of hydrazyl 
with an amine does not take place in the absence of amine hydrogen. On the 
other hand, the addition of phenyl-2-naphthylamine and hydrazy] to the system 
after the comple tion of the reaction of a small quantity of lead dioxide leads, 
after several days, to restoration of the violet color of hydrazyl. The prepara- 
tion of hydrazy! from the corresponding hydrazine is based on this reaction. 


Fic. 2. Kinetics of reaction of a,e-dipheny!l- with several amines at 40° C. 1. With 


diphenylamine. 2. With phenyl-2-naphthylamine ith 6,8-dinaphthylamine. C = Concentration 
at hydrazyl. The ordinate indicates the C values; the abscissa the time in minutes. 
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The results presented, as well as data in the literature, attest to the fact that 
the reaction of diphenylpicrylhydrazyl with secondary arylamines is actually 
accompanied by removal of the hydrogen atom of the amino group. 

The kinetic curves of the reaction of hydrazy! with secondary amines con- 
taining various numbers of aromatic rings in the molecule are shown in Figure 
2. As is seen from the figure, the greater is the complexity of the molecule, the 
greater is the rate of the reaction, and consequently in this case, the mobility of 
the hydrogen of the amino group as well. 

Comparing the results obtained with data on the inhibiting action of these 
compounds, it can be concluded that, in a number of secondary arylamines, the 
inhibiting action is determined by the mobility of the hydrogen atom of the 
amino group, which in turn depends on the complexity of the molecule. 

Derivatives of phenyl-2-naphthylamine containing various substitutents in 
para-position to the phenyl ring were studied next (see Figure 3). Comparison 
of the rates of reaction of hydrazyl with these compounds shows that the 
mobility of the hydrogen of the amino group increases with an increase of the 


i i i. A 


Fia. 3.—Kinetics of reaction of diphenylhydrazy! with derivatives of pheny!-2-naphthylamine at 25° C 

1, With phenyl-2-naphthylamine, 2. With N-methylphenyl-2-naphthylamine. 8. With N-methyoxy 
»henyl-2-naphthylamine. 4. With N-hydroxyphenyl-2-naphthylamine C = Concentration of hydrazy! 
he ordinate indicates the C.10? values; the abscissa the time in minutes. 


electrophilic properties of the para-substituted (the reaction with N-hydroxy- 
phenyl-2-naphthylamine takes place instantaneously). The same law was ob- 
served by the authors with respect to the inhibiting action of these derivatives 
of phenyl-2-naphthylamine (N-methylphenyl-2-naphthylamine, which causes 
a somewhat shorter induction period of rubber oxidation than does phenyl-2- 
naphthylamine, is an exception). 

Hence the para-substituents in the phenyl ring, as well as the conjugated 
double bonds, influence the inhibiting capacity of a compound, modifying the 
mobility of the hydrogen atom of the amino group. It is known that, in the 
induction period of rubber oxidation, the length of the oxidation chain is not 
equal to unity’. A partial decomposition or stabilization of the active per- 
oxides takes place. These phenomena lead to some modification of the struc- 
ture of the rubber hydrocarbon, even in the induction period. Naturally the 
more active the inhibitor is, the lower is the state of these structural changes. 
Thus, the effectiveness of an inhibitor can be determined by the rate of struc- 
tural changes in rubber during oxidation in the presence of a given inhibitor 

The change of the high-elastic equilibrium modulus of heat vulcanizates of a 
rubber can serve as an index of the change in its structure. (A heat vulcanizate 
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is a rubber hydrocarbon which forms a spatial network at 200° C in 40-80 
minutes.) The high-elastic equilibrium modulus E£ of a vulcanizate is related 
to the number of unions in its network in a unit volume N by the simple equa- 
tion’: 


E= kN! 


The equilibrium modulus was determined by the method of after-effects. 
The change of the equilibrium modulus during oxidation of heat vulcanizates 
of sodium-butadiene rubber at 130° C in the presence of various inhibitors is 
shown in Figure 4, where the arrows show the moment of destruction of the 
heat vulcanizates. 


A. A 
100 mun 
Fio. 4.—-Change of equilibrium high-elastic modulus (M) of heat vuleanizates during aging (130° C) in 
the presence of various inhibitors 1. Diphenylamine. 2. Phenyl-2-naphthylamine. 8. N-Methylpheny!- 
2-naphthylamine 4. N-Methoxyphenyl-2-naphthylamine. 4. N-Hydroxyphenyl-2-naphthylamine. 
8-Dinaphthy!l-N-phenylenediamine. The ordinate indicates the modulus (M) values; the absciasa the 
time in minutes 


Comparison of the experimental data shown in Figures 2, 3, and 4, and also 
the data on oxidation inhibition obtained earlier', show that the rate of struc- 
tural changes in vulcanizates during inhibited oxidation depends directly on the 
strength of the N—H bond in the arylamine molecule. The more easily cleav- 
age of the hydrogen from the inhibitor molecule takes place, the greater is the 
effectiveness of the inhibitor as a protective agent. 
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EFFECT OF OXIDATION OF RUBBER ON THE KINETICS 
OF ITS SWELLING * 


V. E. Gut, I. V. Knopznarva, ann B. A. DoGapnkIn 


M. V. Lomonosov Inerrrutre or Fine Cuemicat Tecunotoay, Moscow, 


The diffusion of a solvent through a high polymer is caused by an aggregate 
development of intermolecular forces and a change in the entropy of the system. 
Many authors have studied the equilibrium state of a swollen high polymer 
placed in a solvent from this standpoint'. The influence of the nature of 
molecular reaction on the kinetics of swelling has been recognized in some 
works, but this aspect of the question has been treated less thoroughly. The 
study of the rate of swelling of various rubbers in various solvents has required, 
first of all, the development of a method which would make it possible to meas- 
ure the change of volume or weight of a swollen specimen, without considering 
the effect of reaction with oxygen. 

Since the processes of structure formation and destruction of the polymer, 
which progress concurrently with swelling, and which are caused by the aggres- 
sive action of atmospheric oxygen, can distort the picture observed, appropriate 
experiments were set up in order to account for the influence of oxygen. In 
order to explain the effect of oxidation of the rubber hydrocarbon on the kinetics 
of swelling of the latter, the kinetics of swelling of rubbers were plotted at vari- 
ous periods of heat aging. The rate of swelling of rubbers both with and with- 
out age resistor was also determined. 

The kinetic curves of swelling of butadiene-styrene rubber at various pe- 
riods of heat aging in an air thermostat at 80° are shown in Figures | and 2. 
In setting up this experiment, a solvent was chosen in which the absolute values 
of the degree of swelling would not be too small and, at the same time, the 
oxidized product would swell more than the unoxidized one. For this purpose, 
the kinetics of swelling of SKS-30 rubber was studied at various periods of 
aging in ethylmethyl ketone, in ethyl alcohol, and in methyl alcohol. Since the 
specimens which were aged swelled infinitely in ethylmethy! ketone, it was nec- 
essary to abandon this solvent. The degree of swelling of SKS-30 rubber at 
various stages of aging was considerably less in ethyl aleohol than in methy! 
alcohol; however, the nature and distribution of the swelling curves remained 
about the same. The experimental method consisted of cutting specimens, 
3.5 * 3.5 mm., from various parts of a sheet of rubber and placing them in tall 
containers with tight covers, filled with 5 ml. of solvent. 

, 
The degree of swelling Q was obtained from the equation: Q oH where 
Py is the weight of a swollen specimen, and P¢ is the weight of the specimen 
after elimination of the solvent 

The study of the swelling curves of SKS-30 rubbers at various stages of 

aging in methy! alcohol shows that unaged rubber reaches a maximum swelling 


* Translated for Runvex Tecunotoay from the Kolloidnyl Zhurnal, Vol. 16, No. 6, 
pages 412-420 (1954). 
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Fic. 1.—Kineties of swelling of SKS-30 rubber at various periods of heat aging in ethy! aleohol: 
before aging; 2——after 8 days; 3—after 15 days; 4—after 23 days. 


in methyl alcohol in 30 hours, after which the swelling shows no appreciable 
change of Q for 110 hours. 

All aged rubbers show a continuously increasing degree of swelling in methyl! 
alcohol. The kinetic curves of swelling of these specimens are more even, and 
pass into a straight line after about 200 hours of swelling. 

A sharp increase of degree of swelling of rubber in methyl! alcohol is observed 
after 8 days’ aging, followed by an even sharper decline after 15 days. Further 
increase of the aging period to 23 days has little effect on the degree of swelling. 
A similar law is observed in rubbers swollen in ethyl alcohol. 

This change of the kinetics of swelling and absolute values of the degree of 
swelling evidently indicates processes of destruction, structure formation, and 
accumulation of polar groups in butadiene styrene rubber during aging. Dur- 
ing the first 8 days evidently destruction of the molecular chains under the 
influence of oxygen predominates, along with the accumulation of polar atomic 
groups. Later on, the process of destruction commences with cross-linking of 
the rubber molecules and with formation of a spatial network. The formation 
of cross-linkages diminishes the mobility of the chain molecules of the rubber; 
as a result, certain configurations become impossible for them. Changes in the 
structure of the rubber also lead to a decrease of the entropy of swelling. 


— 


40 86 120 200 20 260 


Swelling time in hours 


Fic. 2. Kinetics of swelling of SKS-30 rubber at various periods of heat aging in methy! 
sleohol; 1-—before aging; 2—after 8 days; 3-—-after 15 days; 4—after 23 days. 
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Further increase of the aging period of butadiene-styrene rubber evidently 
does not lead to any essential change in its structure; hence, the degree of 
swelling of a specimen in the third aging period (curve 4) is only slightly less 
than that of a specimen in the second aging period (curve 3). 

It should be noted that these results correspond well to the data on plastic- 
ity (Defo) of these rubbers. 

Here are the values of plasticity (Defo) for butadiene-styrene rubbers of 
various aging periods. 


before aging 350 

8 days’ aging 1850 
15 days’ aging 2000 
23 days’ aging 2200 


The sharp decrease of plasticity after 8 days’ aging reflects the thorough 
destruction processes, which later on are more and more counterbalanced by 
processes of union of the destroyed molecules. 

This peculiar process of structure formation has a slight effect on plasticity, 
since it leads to the formation of side-chain molecules. 

Thus, the process of oxidation destruction and the accumulation of polar 
products of oxidation in butadiene-styrene rubber is accompanied by an in- 
crease of the degree of swelling in methyl and ethy! alcohol, and the process of 
structure formation, by a decrease of the swelling maximum. The influence of 
the oxidation of rubber on the kinetics of swelling is seen even more graphically 
in testing butadiene-styrene rubbers when the age resistor and soluble byprod- 
ucts of oxidation are removed. Specimens of butadiene-styrene rubber were 
extracted with methy! alcohol, dried in a vacuum, and again swelled in methy! 
alcohol. The kinetic curves of swelling of butadiene-styrene rubber containing 
Neozone-D (unextracted) and without age resistor (extracted) are shown in 
Figure 3. These data show clearly how the nature of swelling of rubber changes 
after the substances which protect it from oxidation are removed. Rubber 
which was not previously extracted reaches a swelling maximum in the first 20 
hours, after which the degree of swelling does not change. If the age resistor 
is extracted from the rubber, the degree of swelling will continuously increase 
and the swelling maximum will be reached only after 320 hours. 


16 
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Swelling time in hours 


Fic. 3.—Kineties of swelling of SKS-30 rubber in methyl! aleohol before (curve 1) and after 
(eurve 2) 10 days’ extraction in methyl! aleoho!l 


/ 
1 


13% RUBBER CHEMISTRY AND TECHNOLOGY 


It is possible to study the influence of the structural changes which take 
place in butadiene-styrene rubber during heat aging and their effect on swelling 
in methyl aleohol by comparing the molecular weights. As was shown by 
Dogadkin’, the value of the molecular weight, determined by any method, is 
insufficient to permit any unequivocal conclusions about the changes which 
take place in the rubber. For this reason the necessity arose for obtaining the 
characteristics of the molecular weights determined by viscometry or light- 
scattering. The methods of viscosity and light-scattering of solutions were 
used in the determination of the molecular weights of butadiene-styrene rub- 
bers after various periods of aging. The values of the viscometric molecular 
weight were calculated according to the formula: 


[n] = kM*, 


where [1] is the characteristic viscosity, M is the molecular weight; k is a con- 
stant for solutions of butadiene-styrene copolymer, equal to 5.4 & 10™*; and 
a is a constant equal to 0.66. 


16 
Aging time in days 


Fic. 4.--Change of molecular weight, determined by light scattering and relative viscosity of solution of 
SKS-30 rubber, as related to aging time: 1—-molecular weight; 2——relative viscosity. 


In Figure 4 is shown the relation of the molecular weight, determined by the 
viscosity and light-scattering of solutions, to the time of aging of butadiene- 
styrene rubber in an air thermostat at 80°. 

From the data in Figure 4 it follows that aging under these conditions is 
accompanied by an increase of the mean molecular weight and a decrease of 
viscosity as a result of the combination of chain fragments into a side-chain 
structure. 

The molecular weight, determined by viscometry, decreased because the 
side-chain molecules formed have a smaller effective volume and, consequently, 
reduce the viscosity of the solution. The viscometric molecular weights of 
rubbers aged 0, 8, and 15 days were 217,000, 103,000, and 64,000, respectively. 

Thus we are convinced that the aging of butadiene-styrene rubber is ac- 
companied by a corresponding formation of spatial structures, which at a 
certain stage of oxidation leads to an increase of gel fraction and a decrease of 
the degree of swelling. 

In Figure 5 is shown the graphic relation of gel-fraction content to aging 
time. This relation shows that, starting from 15 days of heat aging, a pro- 
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Aging time in days 
Fie. 5.--Change of gel-fraction content of SKS-30 rubber as related to aging time. 


Gel-fraction content in % 


nounced cross-linking of the chain molecules is observed, evidently causing 
sharp decrease of the degree of swelling. 

Since the oxidation of butadiene-styrene rubber is accompanied by a very 
uneven (in the sense of its influence on aging) change of structure, the influence 
of oxidation on swelling was also examined for the case of natural rubber. 

Figures 6 and 7 show the kinetics of swelling of various specimens of natural 
rubber in methy! alcohol, as well as the kinetics of swelling of smoked sheet aged 
9 and 20 days at 80°. 

The kinetic curve of swelling of the third specimen which has a monotonic 
rising form, is noteworthy. This curve reflects the continuous oxidation of the 
polymer during swelling ; consequently, the degree of swelling rises all the time. 
It will be shown later that specimen 3 actually resists the action of oxygen 
poorly, so that it reacts slightly with the oxygen dissolved in the methy! alcohol 
during swelling. ‘This leads, on the one hand, to an accumulation of polar 
oxidized groups and, on the other, to the formation of side-chain rubber mole- 
cules, which, in turn, causes an increase in the degree of swelling of the rubber. 
In order to confirm the truth of these assumptions regarding the oxidation proc- 
esses which take place during swelling of rubber, a special experiment on the 
swelling of natural rubber, with and without age resistor, was arranged. 

The rubber was dissolved in benzene, reprecipitated, and the pure rubber 
hydrocarbon obtained, containing no age resistor, was swelled in methy! alcohol. 
All the steps in the preparation of a pure natural-rubber hydrocarbon were 
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Fic. 6.—Kinetics of swelling in methyl! aleohol of various specimens of smoked sheet 
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1. 7.--Kinetics of swelling of smoked sheet, heat-aged for various periods 
1C--9 days; 2C-——20 days. 


carried out in an atmosphere of purified nitrogen. Data for the kinetics of 
swelling of a pure hydrocarbon and rubber containing natural protective sub- 
stances are shown in Figure 8. These data confirm the assumptions made 
above. The swelling curve of the pure hydrocarbon is even, gradually passing 
into a straight line, while the swelling maximum could not be reached, although 
the original rubber reaches the swelling maximum in about 70 hours. 

A similar law is observed, as can be seen in Figure 7, in rubber subjected to 
heat oxidation for a certain time. The kinetic curves of swelling of natural 
rubber, unaged and aged for 9 and 20 days at 80°, are shown in Figure7. The 
rubber whose molecules did not undergo the destructive action of oxygen has a 
lower degree of swelling than that which, after aging, had a lower molecular 
weight. Furthermore, the swelling curve of the specimen aged 20 hours is 
monotonic and rising, indicating that the swelling process is accompanied by 
absorption of oxygen by the rubber. This is due to the fact that preliminary 
aging led to the union of the rubber with its natural age resistors. It will be 
shown below that this rubber actually has hardly any induction period during 


@ 


- 


160 240 400 


Swelling time in bours 


Vic, 8.--Kinetics of swelling of natural rubber in methyl! aleohol: 1—smoked sheet containing 
natural substances; 2—pure smoked-sheet rubber hydrocarbon. 
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Amount of oxygen absorbed in mg. g. of rubber 
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Oxidation time in hours 


Fic. 9.—-Kineties of oxidation of various specimens of smoked sheet 
with molecular oxygen at 143°. 


oxidation at 143°, while the specimen which was not aged first has a 14-hour 
induction period at the same temperature. 


The increase of the degree of swelling of natural rubber with aging must be 
ascribed to the influence of the accumulating polar atomic groups. The ac- 
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Fie. 10.—Kinetics of oxidation of smoked sheet aged for various periods at 143°: 
9 days; 2-—-aged 20 days; 3-——not aged 
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cumulation of polar atomic groups increases both the equilibrium degree of 
swelling (at the expense of the energy factor) and the rate of diffusion of the 
solvent through the high polymer. 

In order to confirm our assumptions regarding the influence of oxidation 
processes on the kinetics of swelling of rubber, we determined the kinetics of 
oxidation of the natural rubbers studied, and also their molecular weights. 
The kinetics of oxidation was measured manometrically at 143° in a Dufraisse 
apparatus. The results of the experiments are shown in Figures 9 and 10. 

It is seen in Figure 9 that the rubber specimens studied have a varying 
induction period. Specimen 1 had the longest period—about 12 hours; then 
specimen 4, about 8 hours; specimens 5 and 2, about 4—6 hours, and, finally, the 
third specimen, which evidently is less protected by natural age resistors than 
the others. 

As for the rubbers which were first aged, as can be seen from Figure 10, the 
longer the aging time, the shorter is the induction period. Rubber aged 20 
days has practically no induction period. Rubber aged 9 days has an induction 
period of about 4 hours, and unaged rubber, 10 hours. 


TABLE 1 


Weicur or ist, 2nv, 47H, AND 5TH Specimens or 
Smokep Sueet, UnaGep Smokep Sueet, AND Smokep Sueer AcEp 
ror 9 AND 20 Days at 80°, Dererminep By VIscosITy, 
Osmomerry AND Licut SCATTERING 


Viscosit Ostnometry Light-seattering 
method method 


330,000 270,000 

240,000 270,000 

160,000 180,000 

270,000 310,000 

310,000 290,000 

380,000 380,000 
310,000 280,000 
210,000 100,000 


Notes: NA—unaged rubber; 1A—rubber aged 9 days; 2A—rubber aged 20 days. 


We shall now consider the molecular weights of the natural rubbers studied. 
From the data of Table |, it can be seen that the rubbers fall in the following 
order according to molecular weight : Specimen 5 has the largest mean molecu- 
lar weight. Specimen 4 also has a high molecular weight determined osmoti- 
cally. Specimens | and 5 have a somewhat smaller weight. Specimen 3 has 
the lowest molecular weight, determined by osmotic and viscometric methods. 

We assume that the conditions of genesis of rubbers in the plant assure in 
all cases an approximately equal development of side-chain molecules, if there 
are any of these at all. For this reason the difference in the molecular weight, 
determined by osmosis and viscometry, is caused chiefly by the degree of poly- 
dispersion of the product. Accordingly, the fifth specimen must be considered 
the least polydispersed, because it has practically equal osmotic and viscometric 
molecular weight. The first and fourth specimens are the most polydispersed ; 
their molecular weights measured by osmosis and viscometry, vary widely. 
All these considerations are of importance only in the case where the relation of 
sol and gel fractions for all the rubbers is about the same. As is seen from the 
data in Table 2, the gel-fraction content in smoked-sheet specimens varies 
between 3 and 6 per cent, which, it seems to us, can have no essential influence 


specimen 
1 
2 
3 
4 
5 
NA 
1A 
2A 
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on either the molecular weights of the dissolved fraction or the value of the 
other physical-chemical characteristics of the rubber. 

The greatest difference in the molecular weights of the rubbers is most prob- 
ably the result of the action of oxygen. In this connection, specimen 3, which 
has a high content of polar oxidized groups, has a lower molecular weight. 
Specimens 4 and 5, which have the highest molecular weights, reflecting their 
slight oxidation, show the lowest degrees of swelling in methy! alcohol; their 
swelling curves are lower than all the others. Specimen 1 occupies an inter- 
mediate position. 

Thus, the experimental results reproduced support the assumption that a 
definite relation exists between the degree of oxidation of natural rubber and 
the value of the swelling maximum in a polar solvent. The higher is the degree 
of oxidation of the rubber, the greater is the value of the swelling maximum in 
methyl] alcohol. 

It should be noted that swelling in a polar solvent excludes partial solubility 
of a polymer, so that the changes in a rubber due to the action of oxygen and the 
differences in the molecular characteristics are not affected by any concurrent 
processes of swelling and solution. Besides this, under these experimental 
conditions, non-rubber ingredients containing oxygen are absorbed by the 
methyl! alcohol, so that the value of the swelling obtained characterizes directly 
the properties of the rubber hydrocarbon. Numerous experiments on the 


TABLE 2 
GeL-FRaAcTION CONTENT OF SMOKED Sueet SPECIMENS Srupiep 


Specimen 1 2 3 
Gel-fraction in % 59 4.3 2.5 3. 


swelling of natural rubber have shown that, on the average, about 3 per cent by 
weight of the specimen goes into the methy! alcohol, that is, a large part of the 
low-molecular non-rubber ingredients are washed out. 

Swelling of rubber in a polar solvent can be used to obtain information 
about the resistance of rubber to attack by oxygen. In this case, the swelling 
process must be regarded as a quick test of the resistance of rubber to aging. 
This method has the advantage over those known before (aging in a thermostat, 
aging in an oxygen bomb) in that it proceeds quite rapidly at room temperature, 
and, in obtaining data on the behavior of rubber during storage, it is not neces- 
sary to determine the temperature coefficients of the reactions which accom- 
pany aging. 

During swelling, the molecules of the solvent are diffused in the molecules 
of the polymer, thus facilitating the access of the oxygen dissolved in the 
solvent to the most active parts of the rubber molecules, i.e., the double bonds. 

Inasmuch as the absorption of oxygen does not take place instantaneously, 
the degree of swelling also increases continuously during the entire contact 
between the rubber and the swelling agent. This leads to a practically linear 
segment on the kinetic curve of swelling of rubber during the reaction with 
oxygen beyond the region characterizing the rapid diffusion process ; this reflects 
a slow change in the degree of swelling as a result of the oxidation processes. 

If a rubber is well protected by natural age resistors, the absorption of 
oxygen at ordinary temperatures proceeds very slowly, so that the phenomenon 
described is not observed. The swelling maximum is reached in a relatively 
short time, and after that the degree of swelling does not change. 
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Thus, according to the form of the kinetic curves of swelling shown in 
Figures 1-8, it is possible to determine both the degree of oxidation of the rub- 
bers studied or the functionally related size of the molecular chain, and their 
ability to resist oxidation. 

The absolute values of the swelling maximum (because of the absence of 
oxidation processes) depend on the molecular characteristics of the high-poly- 
mer, such as the molecular weight, degree of polydispersion, and proportion of 
gel and sol fractions. Furthermore, the degree of swelling is also determined by 
the molecular reaction between the solvent and polymer. From this stand- 
point, the composition of the impurities which go into solution during swelling, 
as well as the degree of oxidation of the rubber, are far from unimportant. 


CONCLUSIONS 


1. Swelling of rubber during reaction with oxygen is described by a kinetic 
curve. After a sharply rising segment, corresponding to the diffusion of the 
solvent, the curve has a practically linear segment, reflecting a slow change of the 
degree of swelling due to the oxidation processes which accompany swelling. 

2. The swelling maximum of rubber in a polar solvent when the oxidation 
effect is disregarded, corresponds to the molecular weight, degree of dispersion, 
and other structural properties of the rubber. The slope of the linear segment 
of the kinetic curve of swelling can serve as a characteristic of the resistance of 
the rubber to oxidation. 
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The study of the diffusion of polymers in order to determine the size and 
shape of the macromolecules in solutions has been the subject of numerous 
recent works. Considerably fewer studies have been devoted to the problem of 
the diffusion of low-molecular substances dissolved in polymers, and the exist- 
ing works in this field refer principally to gas-polymer systems. 

It is also known that the rate of diffusion in polymers of solid and liquid 
low-molecular compounds governs in a number of cases the kinetics of processes 
of great practical importance. In particular, the kinetics of a process as im- 
portant to the rubber industry as the oxidation of rubber is, to a large degree, 
related to the rate of diffusion of antioxidants and other soluble ingredients in 
the rubber. 

Rubber as a diffusion medium is distinguished from liquids and solid erystal- 
line substances by certain properties which are governed by the characteristic 
heat movement of the macromolecules. Thus, Briin' showed that Einstein’s 
equation cannot be applied in the case of diffusion in rubber, and Barrer® de- 
veloped a theory of diffusion of gases in rubber, according to which the presence 
of an activation zone is necessary for the initial process of diffusion. 

The present study concerns the diffusion of certain solid antioxidants dis- 
solved in rubber (phenyl-2-naphthylamine, dinaphthylamine, and dinaphthyl- 
phenylenediamine). 

The principle of Firt’s micromethod was used to determine the coefficients 
of diffusion. Since the substances chosen for investigation form colorless solu- 
tions in rubber, the position of the concentration limit was determined by the 
intensity of luminescence during illumination with filtered ultraviolet light. 

Two pressed sheets of rubber, each 0.5 mm. thick, one containing the dis- 
solved substance, were clamped tightly on the microscope slide, previously 
marked with India ink. The prepared mixtures were placed in glass ampules, 
which were filled with nitrogen, sealed, and kept for the given period in an 
ultrathermostat at different temperatures. 

The coefficient of diffusion D was caiculated on the basis of the change of 
the distance z between the initial limit and the concentration limit, which cor- 
responds to the dilution » in the time t according to the relation: 


where ¢ is the inverse function of the integral of errors of Gauss. 
The experiments were carried out with a control solution, of dilution» = 32. 
The linear nature of the relation of z? to t (see Figure 1) indicates that the 


* Translated for ann Tecunorooy from the Doklady Akademit Nauk SSSR, Vol, 
98, No. 4, pages 611-612 (1954). 
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Fic, 1.—Kelation of z* to time of diffusion. The system: phenyl-2-naphthylamine and 
polybutadiene. The abscissa indicates the time in hours. 


0 


system conforms to Fick’s equation. By determining D for various original 
concentrations of diffusing substances, it can be established that the rate of 
diffusion in rubbers is related in a simple way to the concentration, and the 
value of D increases with an increase of concentration. 

Thus it must be concluded that the diffusion of solid substances dissolved 
in rubber follows Fick’s law, taking into account the concentration relation 


of the diffusion coefficient: 
dc ( Oc 


The temperature dependence of D of the substances studied in polybutadiene 
is shown in Figure 2. The relation log D(1/T), constructed according to the 


4 
Fie. 2.--Coefficient of diffusion as a function of the temperature for phenyt-0-saphthytomine (a), 


dinaphthyamine (b), sulfur (¢), and dinaphthylphenylenediamine (d) in polybutadiene. he ordinate 
indicates the diffusion coefficient D  10* in sq. em. per second; the abscissa the temperature. 
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data in Figure 2, is linear for the given temperature range, while the activating 
energy of diffusion of phenyl-2-naphthylamine in polybutadiene is about 12,500 
calories per mole. 

The influence of the molecular structure of rubber on the value of D is 
shown for the diffusion of phenyl-2-naphthylamine in a butadiene-acrylonitrile 
copolymer WSKN-26), and polyisobutylene (see Figure 3). The order of dis- 


[ 
>” 


60 
Fic. 3.—Coefficient of diffusion as a function of the temperature of phenyl-2-naphthylamine in Poly. 
w 


butadiene. (a), a Sutadiene-corzioniirty copolymer (SKN-26) (b), and polyisobutylene (c). T 
ordinate indicates the diffusion coefficient D X 10* in sq. em. per second ; the abscissa the temperature. 


tribution of the rubbers according to the value of D for a phenyl-2-naphthyl- 
amine-rubber system is maintained, just as in the case of diffusion of gases in 
these rubbers’. 

The value of the coefficient of diffusion of phenyl-2-naphthylamine in poly- 
butadiene (2.10~* sq. em. per sec.) is approximately two orders lower than that 
of the diffusion of oxygen in polybutadiene (1.5 * 10-* sq. em. per sec.) and 
this may explain the lower activity of antioxidants in rubber than in liquids, 
where the values of the coefficients of diffusion of oxygen and antioxidants are 
of the same order. 
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ADSORPTION OF ELASTOMERS ON 
CARBON BLACK * 
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During the past three years considerable progress has been made in the 
study of adsorption of high polymers on the surfaces of solids from solution. 
A number of experimental investigations' have established that linear polymers 
are adsorbed at a number of segments along the molecular chain and that an 
apparent saturation value of the adsorption is reached with increasing concen- 
tration, leading to isotherms that exhibit considerable similarity with the classi- 
cal Langmuir isotherm’. Kolthoff and others* have shown that poor solvents 
favor adsorption and that fractions of high molecular weight are adsorbed pref- 
erentially. Polymer of low molecular weight is adsorbed more rapidly, but is 
eventually replaced by fractions of higher molecular weight. Kolthoff and 
Gutmacher* also observed some evidence of adsorption hysteresis in rubber- 
carbon black systems. Preferential adsorption effects have also been described 
by Goldfinger and others’, who, in addition, furnished an estimate of the thick- 
ness of the adsorbed layer*. Theoretical explanation for many of these effects 
has recently come from a detailed statistical mechanical treatment of polymer 
adsorption by Frisch, Simha, and Eirich’. 

It is somewhat surprising that the adsorption of elastomers on reinforcing 
fillers from solution has received so little attention as a possible tool for the in- 
vestigation of the polymer-filler interaction responsible for reinforcement. The 
reason for this appears to lie in the emphasis placed by many workers on the in- 
complete desorption effect observed when mill-mixed unvulcanized stocks are 
extracted with solvents. The well known bound rubber phenomenon observed 
in this instance® is large and shows some correlation with reinforcement, mainly 
because the effect is surface area-dependent®. The fact that adsorption from 
solution is small when compared to bound rubber, particularly when a good 
solvent is used, has led some authors to consider the two effects as essentially 
separate phenomena” and to dismiss solution adsorption as without interest in 
reinforcement. 

The present investigation was undertaken with the twofold objective of 
determining if adsorption isotherms of elastomeric molecules of carbon black 
are capable of detecting an activity effect, divorced from the influence of surface 
development, which would show correlation with reinforcement, and secondly 
of establishing the interrelation between adsorption and desorption, i.e., bound 
rubber. The carbon blacks selected for this research (Table I) represent a 
fairly complete cross-section of rubber carbons as to both type and particle size. 
n-Heptane was chosen for all adsorption experiments, for the reason that a 
relatively poor solvent, which would favor large adsorption for all three rubbers, 
was desired. 


* Reprinted from Industrial and Engineering Chemistry, Vol, 47, No. 9, pages 1809-1816, September 1955. 
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EXPERIMENTAL 


Carbon blacks.—The electron microscope and nitrogen adsorption surface 
areas of the carbon blacks are listed in Table I. These values were obtained on 
the identical lots of black used in the present investigation. Preliminary ad- 
sorption experiments established the necessity for removal of adsorbed tars 
from the carbon blacks as a means for improving reproducibility of results. 
All carbons were, therefore, extracted with benzene for 72 hours in Soxhlet 
extractors, except the SRF and FT blacks, which were extracted 96 and 144 
hours, respectively. The extracted blacks were dried at 70° C in vacuo and 
stored in a vacuum desiccator over Drierite. All carbon blacks were in pelleted 
form with the exception of FT, SRF, acetylene, and SAF IT and ITI. 

Polymers.—The cold rubber employed (X-672) was a 75/25 butadiene- 
styrene copolymer of 48 Mooney prepared in a sugar-free recipe at 41° F. The 
polymer was purified by Soxhlet extraction with the azeotropic mixture of ethyl 
alcohol and toluene. After drying, the extracted rubber was dissolved in 
toluene, reprecipitated with an excess of methanol, and vacuum-dried to con- 


TasLe | 
Survace Area or Carson Bracks 


Surface area 
A. 


Carbon N: adsorption Fleetron 
black (BET) microscope 
type (aq. m./g.) (aq. m./g.) 


FT 13.7 
SRF 27.6 
FEF-I 45.6 
FEF-II 47.8 
Acetylene 56.0 
HAF 75.1 
( ~ 93.7 
EPC 114.2 
SAF-I 142.6 
SAF-II 153.4 
SAF-ITI 184.2 


stant weight at 50° C. The purified copolymer had an inherent viscosity in 
benzene of 1.86. The Butyl rubber (GR-I-18) was purified in similar fashion, 
except that it was dissolved in benzene rather than toluene. Inherent viscosity 
in benzene was 0.86. The natural-rubber sample was prepared by extracting 
masticated No. 1 smoked sheet with acetone for 72 hours, vacuum-drying at 40° 
C, dissolving in benzene, precipitating with methanol, and again drying at 40° C 
in vacuo. The inherent viscosity of the purified rubber was 2.38. All purified 
polymers were stored in the dark in a vacuum desiccator. 
Procedure.—Sodium-dried n-heptane (Phillips pure grade) was used as the 
solvent in all adsorption experiments. The solvent and various quantities of 
purified polymer were charged into clean, dry, crown-capped 6-ounce beverage 
bottles, purged with dry nitrogen, and tumbled end over end in a constant 
teniperature bath set for 30° C until all of the polymer dissolved. The bottles 
were removed from the bath and the carbon black was charged. After another 
purging with nitrogen, the bottles were resealed, returned to the}bath, and 
allowed to tumble for the desired length of time (see section on rate’of adsorp- 
tion). The equilibrium concentration of rubber in the solution phase was 
determined gravimetrically by centrifuging out the black and evaporating an 
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aliquot in a tared aluminum foil moisture dish. In a few instances, complete 
removal of black by centrifuging was not possible, and the solutions analyzed 
contained small amounts of carbon black. A correction was applied by deter- 
mining the carbon black content by digesting the rubber with hot nitric acid, 
diluting with water, filtering, and dissolving the nitration products with ace- 
tone. After numerous washes with acetone, the carbon black was dried at 
75° C in vacuo and weighed. 

Desorption isotherms were obtained by removing a portion of the supernat- 
ant liquid from the bottles at equilibrium and replacing the solution withdrawn 
with fresh solvent. The bottles were returned to the bath, and the first desorp- 
tion point was taken no earlier than 48 hours after dilution. This procedure 
was repeated for further desorption points. 

Calculation of isotherms.—The isotherms were calculated from the experi- 
mental data as follows. 

Let W» be the weight of polymer charged, p the density of the rubber, and 
V» the volume of solvent in the charge. If the concentration of the solution at 
the point of apparent equilibrium is C, (grams per volume of solution), the 
weight of rubber adsorbed will be: 


a, = Wo (1) 


In the process of determining c;, w; grams of rubber and v, ml. of solution have 
been removed. Let u, be the volume of solvent added for the determination of 
the first desorption point. The amount of rubber, W,, and the volume of 
solvent, V,, present at this stage are: 


Ww, = (2) 
and 
V; = Vo + (v, w;/p) 


If the concentration for the first desorption point is cs, the corresponding ad- 
sorption is: 


a, = W, — eV;/(1 — e2/p) (4) 
or, similarly, for the (n 1)th desorption point: 
dn = Was — — n/p) (5) 
In the preceding calculations, all volumes have been assumed to be additive. 


Whenever carbon black was present in the solution analyzed, the adsorption 
points were calculated by a successive approximation method. In the first 
approximation the black was neglected and a, calculated by Equation 1, treating 
the black as if it were rubber. In the second approximation a new concentra- 
tion, c’;, was calculated : 


= —b - b/ps) (6) 


where w, is the solid content in volume »,, b is the weight of black in v,, W, is the 
total weight of black in the charge, and p, is the density of the black. The new 
concentration was used to calculate a new adsorption, a,, and the entire process 
was repeated until the values of c; and a, did not change on further approxima- 
tion. Usually no more than three approximations were necessary, since the 
quantity of dispersed black was small to start with. 
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Extraction experiments on adsorbed rubber.—Samples of carbon black plus 
adsorbed rubber were transferred directly into tared extraction thimbles, 
weighed and extracted with the appropriate solvent in a Soxhlet apparatus for 
72 hours. After extraction the black was dried and weighed, and the polymer 
content in the extract determined. The quantity of adsorbed rubber extracted 
is readily calculated. All values were corrected for rubber in the solution 
trapped between carbon black particles. 

Bound-rubber determinations on mill-mixed carbon black-rubber master- 
batches were carried out on 0.4-gram samples enclosed in stainless-steel wire 
screen cages, using 80 ml. of reagent grade benzene as the solvent. Results 
were expressed as percentage of polymer insolubilized. In the determination 
of the critical loading for coherent carbon gel formation, small samples of the 
masterbatch were immersed in benzene, allowed to swell for 30 minutes, and 
filtered through No. 1 Whatman filter paper. A clear filtrate was considered 
evidence that a coherent gel had been formed. This measurement is greatly 
dependent on the time elapsed between milling and testing. The samples were, 
therefore, tested periodically until no more changes were observed on further 
resting of the carbon-rubber mixes at room temperature. This required a total 
of approximately 30 days. 


Tasie II 

CompounpINnG Recipes 
GR-S-101 
No. | smoked sheet 
GR-I-17 
Carbon black 
Zinc oxide 
Stearic acid 
Sulfur 
Santocure 1.10 0.5 
Tuads 
Captax 
Cure 45 minutes at 307° F 


Heat treatment of carbon-rubber masterbatches was carried out in an 
atmosphere of prepurified nitrogen. 

Compounding Recipes.—The formulations of the vulcanizates prepared for 
the purpose of correlation of adsorption and reinforcement are given in Table IT. 
Abrasion tests on the cured stocks were carried out on a Goodyear-Huber 
laboratory angle abrader, at a wheel angle of 15°. 


RATE OF ADSORPTION 


There are several reports in the literature to the effect that the adsorption 
of high polymers from solution is a fairly rapid process, requiring only a few 
hours for establishment of equilibrium". An independent rate study showed 
that this is definitely not true for the adsorption of elastomeric molecules on 
carbon black from n-heptane solution. The adsorption rates were found to 
depend on the polymer, the specific surface area of the carbon black, and the 
concentration of the solution. These relationships are illustrated by Figures 
1 to 3. The concentrations indicated are the final apparent equilibrium con- 
centrations (in grams per liter). The adsorption rates of the three rubbers were 
in the order of Butyl > cold GR-S > Hevea. Blacks of large surface area 
attain adsorption equilibrium more slowly than blacks of lower surface area, and 
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HEVEA (2.4) 


BUTYL (C*16.0) 


10 100 
HOURS 


F1a. 1.--Rate of adsorption of elastomers by HAF black. 


faster adsorption rates are obtained for the lower concentration points of a given 
adsorption isotherm. These trends combine to make the determination of an 
equilibrium isotherm for natural rubber on SAF-type blacks virtually impos- 
sible. Even after 2 weeks’ adsorption, SAF-Hevea isotherms exhibited 
abnormally low values relative to their high surface area and, in addition, 
showed negative slopes at higher concentrations. 

It is readily conceivable that the degree of densification of a carbon black 
might exert an effect on adsorption rate. For this reason adsorption rates on 
pelleted SAF-I and HAF were compared with those on unpelleted SAF-II and 
acetylene blacks. The results suggested no significant differences due to 
pelleting. However, all carbon blacks had been previously extracted in 
benzene and dried, a treatment which’minimizes the differences in bulk density 
between pelleted and unpelleted samples. For example, the bulk density of 
SAF-II as charged was only 20 per cent less than that of the SAF-I pellets. 
Thus, while the results do not rule out a possible effect of densification, it does 
not appear to be an important factor in the present study. 
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Fie. 2.—Rate of adsorption of 41° F GR-S by various carbon blacks. 


152 
Je 
2 
i 


ADSORPTION OF ELASTOMERS ON CARBON BLACK 


C= 


402 


O— Ce} 


0,09 


Fic. 3.—Rate of adsorption of GR-8 by HAF black as a function of concentration 


On the basis of the rate study, the following adsorption times were chosen 
for the determination of the equilibrium isotherms: 


Time 
Rubber Carbon black (hours) 


GR-I-18 All except SAF 
SAF 

41° F GR-S FT, SRF, FEF, acetylene 
HAF 


Graphon 
EPC, SAF 
Hevea All except SAF 


ADSORPTION ISOTHERMS 


The apparent equilibrium isotherms are shown in Figures 4 to 6. They 
resemble Langmuir-type isotherms in that an apparent saturation value is ap- 
proached, but closer inspection shows them to be much too steep in the dilute 
solution range; in fact, the initial adsorption is very nearly quantitative. (For 
the sake of clarity, most of the quantative adsorption points have been omitted 
from the figures.) An attempt was made to fit the isotherms to the recently 
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4.— Adsorption of 41° F GR-8 from n-heptane. 
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hia. 5.--Adsorption of GR-1-18 from n-heptane. 


developed theory of polymer adsorption of Simha, Frisch, and Firich’. This 
theory leads to an isotherm of the form: 


(0/(1 — 6) = (7) 


where @ is the fraction of the surface covered by polymer segments, <y> is the 
average number of segments adsorbed per chain, A is a constant dependent on 
<v>, the heat of adsorption, solvent interaction, molecular weight, and tem- 
perature, and z, is a factor expressing the interaction between adsorbed seg- 
ments in excess over their interaction in bulk. If the excess lateral interactions 
are neglected (z,; = 0), Equation 7 may be transformed into a form suitable 
for plotting of experimental data: 


log [(a,/a) ~ 1] = — <v> “log K — loge (8) 
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Via. 6.-- Adsorption of No. 1 smoked sheet from n-heptane. 
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F1a. 7.—Typical test plots of isotherms according to Equation 8. 


where a is the adsorption at concentration c, and a, is its saturation value. 
One of the features of Equation 7 or 8 is that, when <v> is appreciably larger 
than unity, the isotherm appears leveled out long before the adsorption reaches 
the saturation value, a,. To fit the experimental data the left-hand side of 
Equation 8 was plotted against log ¢ for several assigned values of a, and the 
best straight line through the experimental points chosen for the calculation of 
K and <vy>. Figure 7 shows some typical test plots. All isotherms could be 
fitted to Equation 8 within experimental error; none could be fitted by the 
Langmuir equation. Unfortunately, however, the isotherms are not very 
sensitive to the exact choice of the constants K, <v>, and a,, which is perhaps 
not surprising in view of the fact that we are dealing with a three-parameter 
equation. The approximate nature of the constants obtained (Table IIT) must 
therefore be borne in mind. 
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ADSORPTION OF ELASTOMERS ON CARBON BLACK 
AccornDING TO Equation 8 


41° F GRS Hevea 
—~ 
ds K 


107 4. 0.071 0.024 
155 5. 0.128 0.03 
0.0435 ; 0.144 0.054 
0.044 ; 0.172 0.07 
0.057 0,192 0.05 
0.064 3. 0.092 0.09 
0.062 of 0.150 0.06 
0.0845 
0.105 ‘ - - 
0.125 - 
0.125 393 


Black 


FT 
SRF 
FEF-I 
FEF-II 
Acetylene 
EPC 
HAF 
Graphon 
SAF-I 
SAF-II 0.328 
SAF-III 0.354 
Saturation adsorption. grams gram black. 


<»>. Average number of adsorbed segments per polymer molecule 
K. Constant, liters per gram. 


A 
Vv 


Ge 


0.036 
0.067 
0.119 
0.108 
0.169 
0.160 
0.155 
0.140 
0.245 
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The formal agreement of the data with Equation 8 must not be considered 
a successful test of the SFE equilibrium adsorption theory, since the isotherms 
are not free from hysteresis effects. It is necessary, therefore, to look upon 
Equation 8 applied to carbon black as an essentially empirical law incapable of 
exact interpretation in terms of theory. However, the parameter a, has obvious 
physical meaning as the saturation adsorption, and it proves useful to.regard 
<v> as nevertheless related to the number of adsorption points per molecule. 
With the latter assumption a somewhat closer analysis of the experimental re- 
sults becomes possible. 

If the carbon blacks were of equal surface activity, differing in specific sur- 
face area alone, both <y> and K would be expected to be the same for all 
carbon blacks and a, would be proportional to surface area. This is found to 
be nearly true for the adsorption of Butyl rubber, although it is believed that 
<v> in reality is not strictly constant for all blacks. The deviations from the 
value of 2.2 are, however, too small to be detected by the fitting of the experi- 
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Via. 8.— Adsorption of Buty! rubber as a function of surface area. 


mental data to Equation 8. The correlation of a, with electron-microscope 
surface area is satisfactory except for SAF blacks II and III (Figure 8). It is 
believed that the electron-microscope areas of these carbon blacks are in error, 
owing to failure of the method to resolve the smallest particles in extremely 
finely divided solids. This difficulty could be overcome by plotting a, against 
BET surface area; such a plot would then show the channel black to be ab- 
normally low in polymer adsorption. It must be recalled, however, that the 
surface pores of channel black are not accessible to rubber’, so that the most 
valid comparison of polymer adsorption is, indeed, with the electron micro- 
scope results. In the example of GR-S it is no longer possible to fit the experi- 
mental data for all blacks with a single value of <vy>. Although the values of 
a, are still roughly proportional to surface area, some pronounced exceptions 
are observed. It is noted, however, that large values of <y> are frequently 
associated with values of a, which are smaller than might be expected on the 
basis of surface area. This would be reasonable in view of the assumption 
made regarding the significance of <v>, for any given number of adsorption 
sites would accommodate more total adsorbed polymer if the molecules were 
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attached at a smaller number of segments along the chain. The number of 
adsorption points per unit area of adsorbent at saturation would be simply: 


n= <v>a,N/MS (9) 


where N is Avogadro’s number, M is the molecular weight of the rubber, and S 
is the specific surface area of the adsorbent. 

The results of Figures 4 and 5 also suggest some connection of carbon black 
chain structure, as exemplified by acetylene black, with elastomer adsorption. 
Unfortunately, present-day knowledge of the causes underlying structure in 
carbon blacks is too meager to permit even a qualitative interpretation of this 
effect. 

Some of the anomalies in the natural-rubber isotherms are probably due to 
degradation of the rubber in solution in the course of the determination of the 
isotherm and in storage between runs. Reproducibility of the Hevea isotherms 
was definitely poorer than in the instance of the synthetic rubbers unless dupli- 
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kia. 9.—-Hysteresis of cold rubber adsorption from n-heptane 


cate runs were charged simultaneously. It is believed, therefore, that the 
unusually large difference between the two FEF blacks and the relatively small 
adsorption of HAF are of doubtful significance. 


ADSORPTION HYSTERESIS AND BOUND RUBBER 


All adsorption isotherms obtained exhibit strong hysteresis effects. Typical 
hysteresis loops are shown in Figure 9 for the adsorption of GR-8S on FEF and 
HAF blacks. Graphon exhibits the same behavior. In order to establish the 
limit of irreversible adsorption, a series of experiments was performed in which 
the blacks carrying the adsorbed rubber films were transferred directly to Soxh- 
let extractors and extracted for 72 hours. Ii n-heptane was used as the extrac- 
tion liquid, the total amount of unextractable polymer agreed closely with the 
value obtained by extrapolation of the desorption isotherms to zero concentra- 
tion. If a better solvent, such as benzene, was used as the extraction liquid, 
more rubber could be desorbed, but the amount of irreverisbly adsorbed polymer 
was still larger than the quantity of polymer that could be adsorbed directly 
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ADSORPTION 6/8 
Fie. 10.—-Extraection of adsorbed polymer from carbon black. 41° F GR-8. 


POLYMER UNEXTRACTABLE WITH BENZENE 
= 


4 


from benzene solution. These observations are illustrated by Figure 10. The 
close resemblance of the behavior of the rubber blacks and the distinctive be- 
havior of Graphon are conspicuous. 

These results are clearly related to the phenomenon” of bound rubber. 
Since the amount of irreversibly adsorbed polymer increases with the quantity 
of polymer adsorbed to start with and shows no tendency to level out in the 
range observed, it is not difficult to imagine very extensive irreversible adsorp- 
tion following adsorption of polymer from the bulk phase. Recently Watson"* 
has presented evidence that polymer free radicals are formed in the cold milling 
of rubber, and that carbon black, acting as a free radical acceptor, combines 
with these chemically to form the carbon-polymer gel complex. There is con- 
siderable evidence to support this, but it is equally obvious from the results 
presented here that milling is not a prerequisite to bound rubber formation. 
In his paper Watson states that “‘dispersions’’ of carbon black in rubber pre- 
pared by freeze-drying a ball-milled suspension of black in a benzene solution 
(a good solvent) of rubber will not form carbon-rubber gel. However, under 
these conditions adsorption of considerable amounts of rubber is not likely to 
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occur, and therefore no pronounced bound rubber development should be 
expected. The process of insolubilization of rubbers by carbon black may well 
take place in two steps: a rapid physical adsorption of polymer followed by a 
slower reaction of the adsorbed polymer with the black. This might explain the 
adsorption hysteresis as well as the high level of bound rubber in mill-mixed 
stocks. 

It is well known that the quantity of bound rubber formed under equal 
mixing conditions is a function of the (external) surface area of the carbon black. 
When the bound-rubber determination is carried out by continuous extraction 
with fresh solvent, the amount of bound rubber is directly proportional to sur- 
face area for all carbon blacks except Graphon (Figure 11). Blacks of large 
particle size which do not form a coherent gel at 50 parts per 100 of rubber 
nevertheless form bound rubber; the particles are, however, too far removed 
from each other to permit their fusion into a continuous network by polymer 
molecules which have become adsorbed on more than one particle. By assum- 
ing a complete dispersion, it is possible to calculate a critical filler concentration 
for the formation of a coherent gel for any carbon black. 

Let the volume fraction of carbon black be: 


v = Nrd*/6 (10) 


where N is the number of particles per cubic centimeter and d is the particle 
diameter, and let a packing factor, y, be defined such that: 


y = Na’ (11) 


where a is the mean center to center distance between nearest neighbors in a 
well-dispersed black-rubber mix. As the filler loading is increased, the surface 
to surface distance between particles (a — d) will eventually become of the 
order of magnitude of a coiled polymer molecule. At this point a large number 
of rubber molecules will be irreversibly adsorbed by more than one black par- 
ticle leading to a coherent carbon gel. If we denote this critical distance as 1,, 
we have at once: 
N, = ¥/(d + (12) 
and 
v, = md*y/6(d + 1,)3 (13) 


the subscripts c denoting the values of N and y at the critical loading. In terms 
of specific surface area this gives: 


= (6/ry)* (1 + Spl,/6) (14) 


where p is the density of the filler particles. In introducing the surface area, d 
has been implicitly taken as the area average diameter rather than the arith- 
metic mean diameter. In view of the approximate nature of the calculation 
and the none too realistic assumption of an ideal dispersion, such fine distine- 
tions are without consequence. Figure 12 represents a test of Equation 14. 
The two points shown for each black represent the largest loading observed at 
which the sample dispersed and the smallest loading at which a coherent gel was 
formed. From the slope of the line drawn, 1, = 140 A and y = 0.61. The 
distance 1, is of the correct order of magnitude to represent a dimension char- 
acteristic of the coiled polymer molecules. The packing factor of 0.61 would 
correspond very nearly to a coordination of four, i.e., a roughly tetrahedral ar- 
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Kia. 12.--Critieal loading of black for eoherent gel formation in 41° F GR-8. 


rangement of the black particles. Heat treatment which raises the bound- 
rubber level would undoubtedly shift the curve of Figure 11 in such a way as to 
make |, larger. This is to be expected, since the increased number of adsorption 
points along the polymer chain would allow more of the less frequent, longer 
molecules to participate in the cross-linking process. Of course, if a free 
radical mechanism is involved in the formation of bound rubber, then a chain 
reaction which would also involve formation of new rubber to rubber cross-links 
is easily envisaged. The effect would likewise be an increase of 1, as the 
molecular weight is built up. 

Because of the simple dependence of bound rubber on surface area in GR-S, 
the quantity of gel suggests no differences in specific reinforcing potential of the 
various blacks in this rubber, fine thermal black and Graphon forming the lone 
exceptions. The abnormally high critical concentrations and low bound-rubber 
contents of these blacks are indicative of lower activity. 

The development of bound rubber on static heat treatment in a neutral 
(nitrogen) atmosphere follows a strikingly simple pattern in GR-S. Figure 13 
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Fira, 13.—Rate of bound rubber formation for HAF-41° F GR-8 mix. 
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Fic. 14.--Rate of bound rubber formation in Graphon-41° F GR-S mix 


shows the data for HAF black; similar curves have been obtained for FEF, 
EPC, and SAF carbons. Figure 14 gives the data for Graphon, where the ap- 
pearance of the curves is quite different. The gelation effect observed at the 
high temperatures (143° and 173° C) is not derived from adsorption but from 
cross-linking of the polymer matrix. As Sweitzer and Lyon'* have shown, 
carbon black acts as an antioxidant for GR-S. If this action is due to the abil- 
ity of the black to act as a free radical acceptor, then the behavior of both 
Graphon and the fully reinforcing blacks can be understood. Graphon with a 
small number of sites capable of entering into reaction forms little bound rub- 
ber, after which its capacity to function as antioxidant is largely spent. Active 
carbon blacks apparently contain a sufficient number of sites to prevent poly- 
mer to polymer cross-linking by forming bound rubber instead. Good evidence 
for the distinct nature of the carbon black and Graphon gels can be obtained 
from swelling measurements. In Figure 15 the quantity of bound rubber is 
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Via. 16.—-Activation energy for bound rubber reaction. 


plotted against the apparent number of network chains per unit volume, yp, 
calculated from the Flory and Rehner'* theory of swelling: 


In (1 + v, + 
x = 

2 


(15) 


Here », is the volume fraction of polymer in the swollen gel (in this case carbon 
black excluded), uw is the Huggins solubility parameter, and V, is the molar 
volume of the solvent. Essentially a single curve is followed by all blacks 
except Graphon, suggesting a clear distinction in the two types of gel formed. 
In either case the volume density of network chains increases as the bound rub- 
ber level rises, an indication that not only new chains are added to the network 
but also the existing network is being further cross-linked or, in the case of 
bound rubber, the same molecules"become attached to the surface over and over 
again at new sites. 

By plotting the times (or their reciprocals) to reach a given bound rubber 
level according to Arrhenius’ equation (Figure 16), an over-all activation 
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energy for the GR-S-carbon black reaction can be calculated. The results are 
indicated on the figure. The mean activation energy for the four blacks is 18 
keal., in remarkably good agreement with similar estimates by Barton, Small- 
wood, and Ganzhorn'* and Rehner and Gessler'’. It is interesting that Barton, 
Smallwood, and Ganzhorn obtained their activation energy (for Hevea) from 
consideration of electrical resistivity ehanges, while Rehner and Gessler ob- 
tained their value in Butyl rubber by considering modulus changes on heat 
treatment. Attempts to determine the activation energies for Hevea and Buty! 
by the bound-rubber method were unsuccessful, because it has so far not been 
possible to exclude side reactions. The data for natural rubber pass through a 
maximum with time and temperature; in Butyl a minimum is obtained at short 
heating times, the nature of which is not understood (Tables IV and V). 
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ADSORPTION AND REINFORCEMENT 


The results of the various desorption experiments suggest that all carbon 
blacks, with the exception of thermal and graphitized carbons, are really similar 
in their specific activity toward various rubbers, the distinguishing feature being 
their particle size or surface area. The adsorption isotherms from solution 
appear to be somewhat more discriminating. The product of <vy> and a, 
may be chosen as representative of the relative over-all activity. If the SFE 
theory were to apply exactly in the form of Equation 8, this product would in 
fact be proportional to the number of adsorption sites per unit weight of black 
under the conditions of the adsorption experiment (compare with Equation 9). 
Figure 17 shows laboratory abrasion indices plotted against <v>a,. The 
correlation is good, particularly in view of the relatively poor sensitivity of the 
adsorption data toward the exact choice of <v>. A similar plot of abrasion 
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Fic. 18. Relation of abrasion resistance to surface area, 


against surface area is shown in Figure 18. The Butyl rubber data show ap- 
proximately the same trend with surface area as with adsorption, which is to be 
expected in view of the constancy of <v> and the simple surface area depend- 
ence of a, (Figure 8). In both natural rubber and GR-S, Graphon and channel 
black are less reinforcing than would be expected on the basis of specific surface 
area alone. On the other hand, the abrasion resistance imparted by these blacks 
to GR-S and Hevea vuleanizates is definitely in line with their adsorption pro- 
duct, <y>a, 

The estimation of filler activity by its adsorption product in solution is at 
best a rough approximation. Aside from the theoretical limitations already 
discussed and the failure to take K into account, the physical situation which 
exists in condensed systems such as rubber vulcanizates, or even carbon-rubber 
masterbatches, undoubtedly bears little resemblance to solution-adsorbed 
rubber. The results of the bound rubber experiments amply illustrate this 
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point. The fact remains, however, that, regardless of their origin, the adsorp- 
tive forces involved in reinforcement should also exert themselves to some 
extent in solution. The extensive hysteresis which is observed both in solution 
and in bulk adsorption suggests that we are dealing with essentially the same 
phenomenon. The irreversibility of the adsorption indicates that the mech- 
anism cannot be purely physical, although van der Waals adsorption undoubt- 
edly accompanies the chemisorptive process. Furthermore, if one is willing to 
accept the view that the formation of carbon gel on heating is primarily an ad- 
sorption process, its high activation energy would clearly identify it as chemical! 
in nature. 

As expected, the conclusions which may be drawn from adsorption and 
bound-rubber experiments are similar, the consensus being that the majority 
of carbon blacks do not differ appreciably from each other in their specific ad- 
sorption and reinforcing characteristics toward elastomers. As a consequence, 
the main effect on reinforcement as exemplified by abrasion resistance is simply 
derived from the state of subdivision, i.e., particle size or surface area. In those 
instances where the simple surface area dependence of abrasion fails, abnormali- 
ties in the adsorption-desorption behavior are observed. These are found 
mainly in Graphon, and to a lesser extent in channel and thermal blacks. 
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THE EFFECT OF OZONE ON NEOPRENE 
VULCANIZATES AND THE INFLUENCE 
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INTRODUCTION 


In this investigation an attempt was made to show a certain analogy be- 
tween the nature of the phenomenon of the crystallization of an undercooled 
melt and ozone crack formation in stretched natural or synthetic rubber, in 
order in this way perhaps to have some starting point for a more detailed ex- 
perimental investigation of these interesting problems. At the same time the 
observed qualitative differences in the effects of ozone on natural rubber vul- 
canizates and on Neoprene vulcanizates might be explained. In the experi- 
mental part it is first shown, with the help of a simplified experimental method, 
that the rate of crack growth can be considerably reduced by the presence of 
protective agents. In addition, a great change in the temperature dependence 
of crack growth is observed under certain conditions. It can not yet be decided 
whether or not the rate of nuclei formation is similarly influenced. Further- 
more, vulcanizates containing different fillers and different Neoprene contents 
have been examined. 


THEORETICAL DISCUSSION AND NATURE OF THE PROBLEM 


It is common knowledge that Neoprene vulcanizates show an appreciably 
better resistance to ozone and weather effects than does natural rubber. 
Nevertheless, in vulcanized Neoprene mixtures large or small cracks, more or 
less numerous, running parallel to each other, often appear during service in the 
open air or in close proximity to strong electric fields. It is safe to assume 
that the development of these cracks in natural rubber, as also in Neoprene, can 
be attributed to the presence of ozone’, the content of which in the atmosphere 
is only of the order of magnitude of 10~* to 10~® per cent*. But even ozone 
concentrations of this magnitude can prove destructive during long times of 
exposure. It can be assumed that, in this case, the double bonds in the polymer 
are attacked by the ozone, yet little is known as yet of the details of the physical- 
chemical changes which take place and lead to the development of cracks’. 

In order to obtain a definite insight into the reactions in question, crack 
formation in natural-rubber vulcanizates has been examined from different 
angles in its dependence on external conditions‘, and it has been proved that 
the presence of mechanical strains in the rubber material is to be regarded as a 
prerequisite for the formation of ozone cracks. A deformation of 5 per cent 
suffices to fulfill this requirement. 


* Translated from Aautschuk und Gummi, Vol. 8, No. 2, pages WT 35-30, February 1955 
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Based on these findings, the opinion has been expressed’ that the process of 
crack development can be divided into two concurrent processes: on the one 
hand, the formation of local microscopically small ‘‘crack nuclei’’ and, in addi- 
tion, the growth of these crack nuclei into macroscopically visible cracks. 

We are of the opinion that these phenomena are comparable to the crystal- 
lization of a fused substance. Just as in this latter case, the number and size 
of the developing crystals, according to the degree of supercooling, are governed 
first, by the rate of formation of crystal nuclei and, second, by the rate of growth 
of the developed nuclei*, we may likewise regard the number and growth of the 
ozone cracks which develop in a material under a given set of conditions as the 
result of the combined effect of the rate of formation of these crack nuclei and 
the rate of crack growth. Just as in a crystallizing melt, the number of nuclei 
is relatively small, that is, only a few of the molecules present fulfill the neces- 


_—Effeet of ozone on a natural-rubber vulcanizate loaded 
with 50, 100, 250, and 500 grams, reapectively. 


sary conditions for nuclei development, there are, in a rubber product exposed to 
ozone, only relatively few spots which conform to the conditions necessary for 
the formation of crack nuclei; for between the tears there are always small, but 
measurable, interstices, on the surface of which no deformation can be recog- 
nized, even microscopically. The localized coincidence of the conditions nec- 
essary for nuclei formation is, therefore, controlled by the laws of probability, 
both in the case of crystallization’ and of ozone-crack formation. Smith and 
Gough‘ express the following ideas in this respect: ‘‘A crack arises at that region 
only if several double bonds, one in each of the segments in the several mole- 
cules, are simultaneously attacked by ozone. The simultaneous breaking by 
ozone of adjacent stress-carrying molecules (or segments thereof) at the 
points where these molecules pass through a plane perpendicular to the applied 
stress results in the movement apart of the free radicals or molecule ends by an 
amount sufficient to constitute a permanent physical or mechanical discon- 
tinuity, and recombination of the free radicals or molecule ends is prevented,” 
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Figure | illustrates these conditions. It shows ozone cracks developed in 
test-specimens of a natural-rubber vulcanizate with different loads, but other- 
wise under identical conditions. It is obvious that, with slight stretching 
(50-gram load), the rate of development of crack nuclei is very slow, but in- 
creases sharply with increased tension. 

The speed of crack development, however, and the crack extension after a 
certain time, decreases with increasing load. Because of the coincidence of 
these two factors, there is evidently a medium loading where ozone cracks of 
maximum extension develop within a definite period, an observation made from 
another source and discussed as the concept’ of ‘critical elongation’’. 

In our opinion, this phenomenon can be considered analogous to the de- 
velopment of maximum erystals (within a definite time span) from a crystal- 
lizing melt. Crystals of maximum size will result within the considered time 
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Kia. 2. ~Rate of growth of crack nuclei (WG) and rate of formation of crack nuclei (BG) in relation to the 
undereooling or mechanical stress. The abscissa indicates the undercooling or mechanical stress 


span if the rate of erystal growth (WG) and the rate of nuclei formation (BG) 
in relation to supercooling follow the course shown schematically® in Figure 2a, 
and the melt crystallizes in a temperature interval between the two curve 
maxima, where the rate of nuclei formation, which increases with increasing 
supercooling, has already attained a sufficient rate and the sharply decreasing 
growth rate is still large enough. On the other hand, with less supercooling, the 
probability of the formation of crystal nuclei within a limited time span is too 
small on account of the low rate of nuclei formation ; with stronger supercooling, 
however, numerous crystals of small size occur. Because of this analogy, the 
conclusion seems obvious that the dependence of the rate of crack growth and 
the rate of crack nuclei formation on mechanical stress in the case of natural 
rubber.can be assumed to be similar to the relations in Figure 2a. 

Conditions seem to be somewhat different in the case of ozone crack forma- 
tion of Neoprene vuleanizates. Here too, mechanical strains in the material 
are necessary for the formation of ozone cracks, but a critical tension has never 
been actually observed’, 
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Figure 3 gives, as an example, the formation of ozone cracks in a Neoprene 
vulcanizate under different loadings (testing time and ozone concentration were 
several times larger than in Figure 1). It can easily be seen that in this case 
the number, as well as the extension of the cracks increases uniformly with the 
loading. When loaded with 700 to 1000 grams, the samples were badly cracked 
even before the expiration of the testing time. This is in contrast to the con- 
ditions described for natural rubber. The rate of crack nuclei formation and of 
crack growth are not only considerably smaller with respect to their absolute 
size than in the case of natural rubber, but these values are also displaced with 
respect to each other in their dependence on mechanical stress in contrast to 
the representation in illustration 2a, perhaps in the same way as suggested in 
Figure 2b. 


9 559 600 100g 


Fio, 3.—Effect of ozone on a Neoprene vuleanizate loaded with 
550, 600, 650, and 700 gramme, respectively. 


This not only quantitative, but also qualitative, difference in ozone crack 
formation between Neoprene and natural rubber seems to us not unimportant, 
but we would prefer to wait for a more extensive study of the dependence of the 
rate of both crack nuclei formation and crack growth on mechanical stress, e.g., 
at different temperatures and ozone concentrations, to give a fuller explanation 
of the processes taking place here. 

But since such an investigation would necessarily have a rather large scope, 
and consequently would demand a great expenditure of time, we have first of all 
carried out survey tests according to a very much simpler method for the purpose 
of obtaining in this way an idea of the extent of the temperature function of 
crack formation, especially in the presence of different protective agents. 


PREVIOUS INVESTIGATIONS 


In recent times, the ozone resistance of Neoprene mixtures was investigated 
by Thompson, Baker, and Brownlow’, who primarily determined the effect of 
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softeners, protective agents, and accelerators, as well as the degree of loading 
with various fillers. They obtained the following important results. 

1. Softeners with a petroleum base decrease the ozone resistance of Neo- 
prene mixtures almost inappreciably. 

2. Ester softeners decrease the ozone resistance to a measurable extent. 

3. The type and proportion of the accelerators do not affect the ozone 
resistance at all at elongations up to 100 per cent. 

4. The ozone resistance of mixtures decreases with increasing loadings of 
filler. 

5. Carbon blacks used as fillers impart very much higher ozone resistance 
to Neoprene mixtures than do calcium carbonate, barytes, and calcium silicate. 
Kaolin, in this respect, is close in its effect to that of carbon blacks. 

6. Twenty different protective agents were tested and were divided into 
five groups according to their effectiveness. Within each of these groups, no 
essential differences could be found. 

The tests were carried out by the authors mentioned at a standard tempera- 
ture of 24° C, with an ozone concentration of 1 to3 « 10~ volume-per cent and 
| X 10°* volume-per cent, and also, on the one hand, with constant loading and, 
on the other hand, with constant elongation of the test materials. In the 
former case, the lower ozone concentration was used, and the time up to the 
cracking of the sample was measured, while the tests with constant load were 
carried out in most cases at the higher ozone concentration. In this case, for 
the evaluation of ozone tears, visible after a certain time interval (30 minutes), 
a rating system was used, assigning the designation of “0” te completely un- 
affected samples and ‘10’ to badly cracked samples. 

Thompson and his coworkers found, in the work cited, that results obtained 
by testing with a constant load do not always agree qualitatively with those at 
constant tension, as might have been expected. This may in part be attributed 
to the fact that, in the case of tests under constant load, the tensile strengths 
of the vuleanizates, which varied from case to case, influenced the results to a 
great extent; furthermore, in our opinion, the unavoidable persona] factor of 
the observer when using the rating system mentioned above, as well as the 
generally insufficient differentiation in the evaluation of crack formation, all 
contribute to the fact that the investigations actually do yield the qualitative 
results already mentioned, but do not permit a more precise quantitative 
evaluation. 

We have, therefore, tried to reach a quantitative concept from similar in- 
vestigations carried out on Neoprene vulcanizates under different conditions by 
utilizing the tensile strength at break of the material before and after the ozone 
effect as a criterion for the resulting crack formation. Because of the uniform 
development of crack extension with loading in the case of Neoprene, we con- 
sider this method to be a practical one for the survey testing of Neoprene 
mixtures. The percentage decrease of tear resistance was regarded as a meas- 
ure of the ozone effect; it depends first of all on the extension of the ozone 
cracks, that is, the rate of crack growth, and is only slightly influenced by the 
number of cracks. It is evident that the numerical values obtained by this 
method", which has been used in earlier investigations, may show considerable 
variations, since in every case the weakest spot in the material will be the start- 
ing point of a break. For this reason, we generally averaged four measure- 
ments to one mean value. Experience has shown that, in this way, relatively 
easily reproducible values can be obtained. 


EFFECT OF OZONE ON NEOPRENE 


EXPERIMENTAL PROCEDURE 


The tests were carried out in an apparatus similar to the one used in ASTM 
1470-49T for testing the ozone resistance of natural rubber (Figure 4). 

A current of dried air is passed through an ozonizer and then, after passing 
through a tempering coil, is led into the ozone chamber in which the samples 
which are to be tested hang. These test-pieces, died out in the form of a dumb- 
bell, are wound around a glass mandrel, the thickness of which (5 mm. diam- 
eter) is so measured that the uppermost layer of the 2 mm. thick sample is 
stretched 25 to 30 per cent. The action of the ozone occurs, therefore, under 
constant and equal stress for all the test-pieces. 

Before and during the tests, it is possible to determine the amount of ozone 
present in the air current by using a gas burette and allowing a known quantity 
of ozonized air to flow through the gas washing bottle, in which a previously 
placed potassium iodide solution absorbs the ozone present, with liberation of 


6) 


Fia, 4.- ~Apparatus for testing the ozone resistance of Neoprene. (a) blower; (b) flow meter; (h) drying 
tower; (d) ozonizer; (e) Héppler thermostat; (f) ozone chamber; (g) intensive gas-washing tower; (h) ga» 
burette; (i) levelling bottle. 


iodine. The amount of iodine is determined by titration, and from this the 
ozone content of the air is calculated. In all tests the ozone concentration 
amounted to 2.5 volume-per cent. 


DISCUSSION OF THE RESULTS 


In Figures 5a and 5b, the increase of crack extension is presented, with 
several examples (as reflected by the decrease of tensile strength) with the time 
of testing. It should be noted, that the size of the crack increases steadily 
with the duration of time of exposure to ozone. The bend of the curves is 
probably due in part to the fact that the samples, bent around the mandrel, have 
a chance to become partially released from stress because of the formation of 
cracks. The curves extend to the coordinate zero point; in fact, even when the 
vulcanizates contain a protective agent (for the composition of the mixtures, 
see the tables). This points to the fact that, in these cases, an ozone effect 
takes place from the very beginning of the test, while the slower rise of these 
particular curves indicates that the growth rate is more or less strongly de- 
creased by these compounds. Whether or not there is an additional influence 
of the rate of nuclei formation, and whether perhaps some protective agents 
give protection only for a definite period during a test and after this period 
permit the ozone effect to take place at normal speed, are questions which must 
remain unanswered. 
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A comparison of Figures 5a and 5b shows further that a 30° C rise of the 
testing temperature of the vulcanizates results in markedly different increases 
of the ozone effect, e.g., the mixture I,3 containing pheny|l-2-naphthylamine as 
the protective agent shows hardly any visible crack formation at 15° C and is, 
therefore, in comparison with the base mixture I, effectively protected against 
ozone, while at 45° C, the same mixture is destroyed at least as completely as 
the base mixture I at this temperature. 


é Versuch stemperaiur 15°C 
17 


L 1_ 
Versuchezeit (min) 


Versuchsiemperatur 65°C 


§ 


Versuchszeit ( min} 
Fios. 5a and 5b.—Increase of crack growth (decrease of tensile strength) of Neoprene vulcanizates from 


the action of ozone in relation to the time of exposure at 15° C and at 45°C. The abscissas indicate the 
time of exposure in minutes; the ordinate the percentage decrease of tensile strength. 


Figures 6 and 7 represent the action of ozone on the base mixtures I and II 
containing various protective agents in relation to the testing temperature. 
Series I was kept in the ozone chamber for 60 minutes, while with series II the 
test was ended after 30 minutes, because this mixture contained less Neoprene, 
and consequently the ozone attack was more destructive in this case. The 
greatly differing effects of the individual additives, as well as the susceptibility 
to temperature, are obvious. In the latter respect, outstanding examples are 
phenyl-2-naphthylamine, as well as a hydrocarbon mixture of unknown com- 
position in mixture I. We might regard this, at least in the case of phenyl-2- 
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naphthylamine, as an indication of the mode of action of the compound, in 

which case we must perhaps imagine an influence of the energy conditions 
which determine the growth of cracks, especially an increase of the necessary 
energy of activation. 

It will be further noted that the individual curves of each of the two series 
of vuleanizates, as seen by a comparison of Figures 6 and 7, have, in general, 
similar positions relative to each other. This is evidence of the reproducibility 
of the results and the validity of the quantitative differences actually found. 

A synergistic effect of combinations of two protective agents is recognizable 
in curves I,8 and II, 8. If the combination of phenylcyclohexyl-p-phenylene 
diamine (I, 7 and II, 7) and phenyl-2-naphthylamine (I, 3 and II, 3) had acted 
additively, then an ozone attack would become noticeable at the testing tem- 
perature of 45° C with I, 8 as well as with II, 8. A similar result is obtained 
with vulcanizate II, 9, containing a combination of phenyl-2-naphthylamine 
(I, 5) and a condensation product of acetaldol and a-naphthylamine. 

Figure 8 shows the effect of ozone on Neoprene vulcanizates which contained 
different fillers, in all cases with the same percentage by volume of filler. The 
curves show greater uniformity with respect to their temperature relationship 
than the ones previously shown in Figures 6 and 7. It should, indeed, not be 
assumed that fillers take any direct part in the reaction between ozone and the 
double bonds, in which case the energy conditions would be changed, but rather 
that they influence the rate of crack growth in a secondary way, perhaps by an 
irregular distribution of the mechnical stresses in the vulcanizate. 

The results described above are in agreement with the weathering tests 
which Thompson and Catton have reported. In these long-term tests, vul- 
canizates containing carbon-black fillers, proved to be especially resistant, 
while those with light-colored fillers, especially calcium carbonate and calcium 
silicate, reacted unfavorably. Kaolin occupies a middle position in this respect. 

In closing, we would like to stress that we regard the results as only a first 
insight into the undoubtedly complicated conditions and that, in our opinion, 
more extensive evidence of the dependence of rate of crack nuclei formation and 
rate of crack growth on external conditions can be expected from an investiga- 
tion with more refined methods. 


COMPOSITIONS OF THE NEOPRENE VULCANIZATES 
Base Mixture I Parts by weight 


Neoprene GN-A 
Zine oxide 
Magnesium oxide 
NA-22 

Struktol 

Kaolin 


Base Mixture II 


Neoprene GN-A 

Zine oxide 

Magnesium oxide 

NA-22 0.5 
Struktol 12.5 
Kaolin 132 


All mixtures were vuleanized for 20 minutes at 143° C. 


100 
5 
2 
5 
5 
54.3 


EFFECT OF OZONE ON NEOPRENE 


Veteanizates ContaIninGc Dirrerent Prorecrive AGEents 
Base Mixture I Base Mixture II Substances tested 
r = Hydrocarbon fraction of unknown 
(% by wt.) No. (% by wt.) composition (m. 53° C) 
1],2 1, :CHCH,CH(OH)CH, 
II: 1. Phenyl-2-naphthylamine 
1. Commerical mixture of phenyl-1-naph- 
thylamine, di-p-methox y-diphenyl- 
amine and 
amine, in proportions of 2:1:1 


Pheny]-l-naphthylamine 
Mercaptobenzimidazole 
Phenyleyclohexyl-p-phenylene-diamine 
Mixture of phenyleyclohexyl-p-pheny|!- 
enediamine and  phenyl-2-naphthyl- 
amine in the proportion of 1:1 


Mixture of 1-C,oH;N:CHCH,CH- 
(OH)CH, and pheny!-2-naphthylamine 
in the proportion of 1:1 


VULCANUZATES CONTAINING DirreReNtT FILLers 


Designation Parts in place of 132 parts by weight of kaolin in Base Mixture II 
Tale 132 
Active kaolin-like mineral filler 
Anacarbon black 
German gas black (particle size 330A) 
Calcium carbonate 
Barytes + 65 parts by weight of kaolin 


Electric-are carbon black 
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INHIBITION OF RUBBER OXIDATION 
BY CARBON BLACK * 


K. A. Burcess anp C. W. Sweirzer 


Covcompian Canpon Company, New Yorn, N. 


Previous publications from this laboratory' have reported the pronounced 
inhibitory action of smal! amounts of carbon black on the autocatalytic stage of 
the oxidation of unvuleanized natural and cold rubber. Although all carbon 
blacks tested have exhibited this behavior, the effect was most marked for 
those carbon blacks with a substantial amount of chemisorbed oxygen on their 
surface. Carbon black has been shown to inhibit oxidation during static heat- 
ing in air and during Banbury mastication?. In the former, oxidation inhibition 
may be determined directly by measuring the effect of carbon black on the 
»xygen uptake of the sample, but in Banbury mastication this inhibition effect 
must be estimated indirectly from those properties influenced by scission and 
cross-linking changes in the polymer. In the previous papers' these measure- 
ments were confined to percentage of gel and intrinsic viscosity of the polymer. 
To provide a more comprehensive picture of this inhibitory action of carbon 
black during Banbury mastication, this report presents the results of various 
physical tests made on fully compounded and vulcanized stocks prepared from 
these masticated rubbers. Four polymers were included in the present study- 
natural rubber, low-temperature GR-S, oil-extended GR-S and Buty! rubber. 
In all cases, the inhibitory action of carbon black was compared to that of a 
standard antioxidant. 


EXPERIMENTAL 


Prior to compounding, each polymer was masticated in a midget Banbury, at 
specified times and temperatures, under the following conditions. 


1. Mastication without additive. 
2. Mastication with 2 and 5 parts carbon black. 
3. Mastication with 1.5 parts of a chemical antioxidant. 


With each polymer, a nonmasticated control was included. To ensure maxi- 
mum oxidation inhibition with carbon black, an oxidized channel black (Micro- 
nex W-6) was used which contained approximately 10 per cent chemisorbed 
oxygen. In several instances a standard HAF black (Statex R) was used for 
comparison, The chemical antioxidant employed was BLE, a ketone-amine 
reaction product. 

After these initial mastication steps, the stocks were rested for 24 hours and 
tested for Mooney viscosity and gel content. The latter test was carried out 
by the method used in these laboratories, empolying a modification of the Baker 
cell. The remaining stock was then compounded in standard fashion, using the 


* Reprinted from Industrial and Engineering Chemistry, Vol. 47, No. 9, pages 1820-1824, September 
1055 ‘his paper was presented at the meeting of the Division of Rubber Chemistry at the 126th Meeting 
of the American Chemical Society, New York, September 13-17, 1954. 
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INHIBITION OF OXIDATION BY CARBON BLACK 


Tasie 


Test Compounps 
Hevea cured at 290° F 


Smoked sheet 


Carbon black 50 

Zine oxide 5.0 
Stearic acid 2.0 
Pine tar 1.5 
N-cyclohexy|-2-benzothiazole sulfenamide 0.7 


Sulfur 3.0 


Low-temperature polymer cured at 200° F 


GR-8 X723 

Carbon black 
Zinc oxide 3.0 
Stearic acid 2.0 
Paraflux 4.0 
Circosol 2XH 4.0 
N-cyclohexy|-2-benzothiazole sulfenamide 1.125 


Sulfur 2.0 


Oil-extended rubber cured at 200° F 


GR-8-1710 137.5 
Carbon black 68.75 
Zine oxide 3.0 
Stearic acid 2.0 
N-cyclohexy|-2-benzothiazole sulfenamide 1.25 


Sulfur 2.0 
Butyl cured at 307° F 


GR-I-18 

Carbon black 50 
Zine oxide 5.0 
Stearic acid 0.5 
Tetramethylthiuram disulfide 1.0 
Benzothiazoly! disulfide 
Sulfur 2.0 


recipes shown in Table I. The final carbon loading was brought to the desired 
Jevel, generally 50 parts per 100 parts of rubber, by the addition of HAF black. 
The percentage of carbon gel in the finished stocks was then determined. 
Physical testing of the cured vulcanizates was carried out by the usual methods. 


NATURAL RUBBER 


Banbury mastication prior to compounding was carried out for 30 minutes 
at temperatures of 300° and 370° F, which are in the range where antioxidants 
have been observed to inhibit Hevea breakdown’. The results for the lower 
temperature study, which show the effects of adding 5 parts of carbon black 
during the mastication stage on the raw and vulcanizate properties of Hevea, 
are presented in Figure 1. It is evident that, under these low-temperature 
masticating conditions, carbon black moderated somewhat the drastic drop in 
Mooney viscosity induced by the Banbury mastication ; 2 parts of carbon black 
and 1.5 parts of BLE showed lesser effect. 

The drop in Mooney viscosity during mastication of gum rubber has been 
related to decrease in molecular weight by Stern‘ using the empirical equation : 


10°°*M = 0.0623(V, + 18.7) 
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oxidized EPC black. 
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nmasticated pol 
Masticated 30 min. at 370° F. 


1 
2. 
3. Masticated 30 min. at 370° F, with 5 


4. Masticated 30 min. at 370° F, with 1. 


1b, 2b, 3b, 4b. Compounded vulcanizates 


Carbon black as an antioxidant in Hevea 
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Masticated 30 min. at 300° F. 
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where M = molecular weight and V, = Mooney viscosity. According to this 
equation, the mastication step in the pure-gum sample lowered the molecular 
weight from 634,000 to 238,000. Before the calculation of the action of carbon 
black on molecular weight can be made, the direct effect of the carbon black on 
the viscosity of the mix must be determined. This may be calculated with a 
fair degree of accuracy from the Guth-Gold equation‘. 


N* = N(1 + 2.5¢ + 14.1e? +--+) 


where N* = loaded Mooney viscosity; N = gum Mooney viscosity; and ¢ = 
carbon black concentration. 

According to this equation, the direct effect of a 2-part loading of carbon 
black would be to raise Mooney viscosity by 3 per cent and of a 5-part loading 
by 9 per cent. Since the observed increases were 23 and 42 per cent, respec- 
tively, it is evident that carbon black did suppress the molecular breakdown of 
the natural rubber to some extent. The action of 1.5 parts of BLE was ap- 
proximately equivalent to that of the carbon black. This action, however, was 
not reflected in vulcanizate properties, with the possible exception of resilience. 
Modulus and tensile strength were, if anything, slightly lower for the stocks 
masticated in the presence of carbon black and BLE than for the pure gum, 
although resilience was slightly increased. 

The results for Hevea masticated at 370° F, given in Figure 2, offer a partial 
explanation of these findings. For this mastication temperature, Mooney 
viscosity for both the uncompounded and compounded stocks was determined. 
It is evident that carbon black suppressed polymer breakdown to a somewhat 
greater extent during the 370° F mastication than during the 300° F mastica- 
tion; the effect of BLE was unchanged. The further mastication with 50 parts 
of carbon black per 100 parts of rubber involved in compounding then lowered 
the Mooney viscosity of the control stock considerably, while those of the masti- 
cated stocks were relatively unaffected. Asa result, the action of the additives 
is somewhat obscured in the final vulcanizates. The percentage of carbon gel 
also reflects this situation. Although the 370° F series was also compounded 
to 40 parts of carbon black per 100 parts of rubber in the expectation of em- 
phasizing tensile differences, only a very slight increase in tensile strength re- 
sulted from the presence of carbon black or BLE in the mastication step. 

In summary, while the oxidative breakdown of natural rubber during Ban- 
bury mastication is inhibited somewhat by the presence of carbon black, the 
effect is not reflected to any substantial degree in the final vulcanizate proper- 
ties. 


LOW TEMPERATURE GR-S 


Mastication was carried out for various times at 225° and 300° F, where in 
Banbury mastication scission predominates in this polymer, and at 370° F, 
where gelation is the reaction dominating the final properties of the low tem- 
perature polymer* (LTP). 

The 225° F results, which were similar to those obtained at 300° F, are 
presented in Figure 3. They show the typical high resistance to breakdown of 
cold rubber; Mooney viscosity of the uncompounded stock decreased only 
slightly. The presence of carbon black, but not of BLE, tended to modify the 
extent of the viscosity reduction but, as in the natural rubber, the further 
mastication involved in final compounding minimized the effect of carbon black 
on compounded Mooney viscosity. Modulus was unaffected, and tensile 


ve 
= 
ir 
= 


180 RUBBER CHEMISTRY AND TECHNOLOGY 


strength, as shown in the graph, was only slightly lowered the additives having 
no effect. 

In contrast to the low temperature results, carbon black produced drastic 
changes in the physical properties of vuleanizates compounded from the rubber 
masticated at 370° F. The effect of oxidized EPC and standard HAF black on 
Mooney viscosity and gel development, when present during the mastication 
stage, is compared to that of BLE in Figure 4. The hot mastication step left 
Mooney viscosity of the gum stock practically unchanged and raised the com- 
pounded Mooney only slightly. This result is to be expected, since gelation, 
which tends to raise the viscosity, and scission, which tends to lower it, are oc- 
curring simultaneously. It has been observed that gel content of less than 
about 40 per cent lowers Mooney viscosity, while a percentage greater than 50 
generally raises it. The presence of the oxidation inhibitors tends to leave the 
viscosity at its original level by suppressing both scission and gelation. 
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Carbon black as an antioxidant during 225° F mastication of low 
temperature polymer 


Unmasticated. 
Masticated 40 min. 
Masticated 40 min., with 5 parte oxidized EPC black. 
Masticated 40 min., with 1.5 parte BLE. 
In, 2a, 3a, 4a. ‘“ompounded stocks from 1, 2, 3, 4 
Ib, 2b, 3b, 4b Com pounded from Qa, 3a, 4a. 


Although all additives were effective in suppressing gel formation 5 parts 
of oxidized EPC per 100 parts of rubber was again more active than HAF black, 
with both carbons superior to BLE. The same relative positions were main- 
tained in the finished stock. Compounding left the benzene-insoluble portion 
of the rubber practically unchanged, i.e., 42 per cent in the gum and 40 per cent 
in the compounded material. Apparently the shearing action of the carbon 
black in disintegrating polymer gel balanced its adsorptive action in forming 
carbon gel. 

Cold rubber has been found to be quite variable in its tendency to form gel 
during hot mastication. The polymer used in previous work? required a masti- 
cation time of 30 minutes at a temperature of at least 375° F to form a measur- 
able quantity of gelled rubber. With the LTP used in the work deseribed here, 
measurable amounts of gel formed within 10 minutes at 370° F. Even using 
the same bale of cold rubber, some difficulty was experienced in obtaining re- 
producible results. Another indication of the greater gelation activity of the 
cold rubber used in this study was the carbon loading required to produce 
maximum inhibition of gel formation, In previous tests this optimum loading 
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was approximately 2 parts of oxidized EPC black per 100 parts of rubber but 
in the reported tests, as revealed in Figure 5, 5 parts per 100 parts of rubber were 
necessary for maximum gel inhibition. Apparently a 2-part carbon black 
loading does not provide enough surface for maximum inhibition with the more 
easily gelled cold rubber used in this study. 

Hunter and coworkers’, however, found 300° F mastication on an open mill 
for 30 minutes to produce over 60 per cent gel in GR-S-1503. The different 
polymerization formulas of GR-S-1503 and -1500 types and the greater avail- 
ability of oxygen in mil] mastication are the probable causes of the easy gelation 
observed with GR-S-1503. 

The inhibition of gel formation during the hot mastication step produced 
significant changes in the physical properties of the stocks compounded from 
the masticated polymer. As shown in Figure 6, the presence of carbon black 


60 


GEL 


PERCENT POLYMER 


0 


MASTICATION TIME (minutes) 


hie. 5.—Effeet of oxidized EPC black dosage on gelation of low-temperature 
polymer during 370° F mastication. 


during the hot mastication step lowered modulus but raised the tensile strength 
and elongation of the vuleanized stocks. White and coworkers* observed gen- 
erally similar effects on the physical properties of standard GR-S when this 
polymer was masticated alone and in the presence of 50 parts of EPC black per 
100 parts of rubber. They suggested that the increased modulus and decreased 
tensile strength of GR-S containing a high proportion of gelled rubber resulted 
primarily from the inability of the reinforcing pigment to enter the gelled units. 
Hence, dispersion of the carbon in the polymer is nonuniform with a 100-part 
carbon loading in the sol portion and zero carbon in the gelled portion, assuming 
a 50 per cent gel. The finding in this investigation that scission of the polymer 
chains in natural and cold rubber during 300° F mastication produces relatively 
little effect on vulcanized physical properties compared to the effects due to 
gelation confirms the suggestion that gelation and not scission is the predomi- 
nant factor altering the physical properties of the vulcanized stocks. 

In summary, smal! amounts of carbon black present during 300° F mastica- 
tion have little effect on the vulcanizate properties of cold rubber, but produce 
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a large effect on these properties when mastication is carried out at 370° F. 
The effect of carbon black in the latter case is apparently due to its action in 
inhibiting gel formation. 


OIL-EXTENDED POLYMER 


A mastication time of 30 minutes at 300° and 370° F was used, as in the 
study with cold rubber, but the results were considerably different. The 
results obtained with GR-S-1710 (37.5 parts of oil per 100 parts of rubber) after 
300° F mastication are shown in Figure7. The drop in Mooney viscosity was 
much more marked with oil-extended polymer (OEP) than with LTP, and this 
drop was essentially unaffected by the presence of carbon black or BLE. 
Modulus and tensile strength were also lowered by the mastication, and again 
the additives produced little effect. The results with GR-S-1703 (25 parts of 
oil) were similar. 

Only GR-S-1710 was tested at 370° F, and the results were in striking con- 
trast to those obtained with cold rubber. The typical results (Figure 8) show 
mastication of oil-extended polymer for 30 minutes at 370° F to produce 18 
per cent polymer gel, compared to about 40 per cent gel with cold rubber. 
The presence of carbon black and BLE, however, approximately doubled gel 
content in the oil-extended polymer, whereas in cold rubber gel formation was 
completely suppressed. This contrasting behavior extends to the physical 
properties of the vuleanizates as well. Whereas the presence of carbon black 
during the mastication of oil-extended polymer resulted in higher modulus and 
unchanged tensile strength, in cold rubber under similar mastication conditions 
modulus decreased and tensile strength increased. 

It is possible that the very high molecular weight of oil-extended polymer is 


responsible for this reversal in effect. It is speculated that the mechanism 
involves the development of insoluble micro-carbon gel units produced by the 
adsorption of high molecular weight fragments. 


BUTYL RUBBER 


This polymer exerted its well-known resistance to oxidation under all the 
various types of mixing conditions employed. This finding is shown in Figure 
9, which presents the results of mastication for 45 minutes at 225° F. Mooney 
viscosity was practically unaffected. The increase resulting from the addition 
of carbon black was about that expected from its direct effect on viscosity. 
Correspondingly, carbon gel and compounded physical properties were rela- 
tively unchanged with the exception that the presence of BLE tended to lower 
the properties of Butyl rubber. 

The test results on stocks prepared from polymer masticated at 370° F are 
shown in Figure 10. The results are substantially similar to those obtained at 
the lower temperature. Mooney viscosity and carbon gel were again sub- 
stantially unchanged, as were the physical properties of the vulcanizates. 
BLE, however, exhibited a more pronounced tendency to degrade the polymer 
than the cold mastication. Phenyl-2-naphthylamine also exhibited this be- 
havior. 


DISCUSSION 
The action of carbon black in behaving as an antioxidant during Banbury 


mastication strongly suggests that a chemical reaction is taking place between 
the carbon and the polymer chains. As has been suggested previously® this 
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reaction most probably takes place with the polymer free radicals produced by 
the initial attack of oxygen. Evidence indicating free radical interaction with 
carbon black has recently been presented by Garten and Sutherland?. Watson'® 
has reported carbon black to act as an acceptor of the free radicals produced by 
the shear forces developed during cold mill mastication. 

Although the effects of oxidation inhibition during Banbury mastication are 
measurable only with small amounts of carbon black and when mastication is 
carried out for relatively long periods of time, this type of oxidation inhibition 
by carbon black is undoubtedly taking place during standard mixing operations. 
The attachment of free radicals to the carbon surface, which most probably is 
responsible for the observed inhibition of oxidation, may well be a major factor 
in the reinforcing action of carbon black. 


SUMMARY 


Indirect measurements have shown that small amounts of carbon black 
inhibit rubber oxidation during Banbury mastication. To provide a more 
comprehensive picture of this inhibitory action, a study was made of its effects 
on some physical properties of fully compounded and vulcanized stocks pre- 
pared from masticated natural and synthetic polymers. 

The action of carbon black, with the exception of its behavior in Buty! 
rubber, was found to be broadly similar to that of standard antioxidants. The 
largest change in vulcanizate properties occurred in cold rubber after high- 
temperature mastication. The usual shortening and stiffening resulting from 
gelation of the polymer at high mastication temperatures was completely in- 
hibited when the mastication was carried out in presence of small loadings of 
carbon black. 
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CONSTANT POWER PRINCIPLE 
IN ABRASION TESTING * 


E. F. ann 8. W. Goucu 


Duncor Rupser Co., Lro., Forr Dus tor, Binwinonau, 


INTRODUCTION 


The assessment of resistance of rubber compounds to abrasion by laboratory 
methods is such a complex and difficult procedure that it is not surprising that a 
large variety of different methods has been developed and recommended in 
various laboratories. 

Two aspects of the test have received attention. 

Reproducibility, which involves accurate control over the dominant factors 
governing wear so that results can be satisfactorily duplicated on any rubber. 

Validity, or the choice of such test conditions that the laboratory order of 
merit of a series of rubbers is not in conflict with their behavior under service 
conditions, 

Various degrees of emphasis are placed on the necessity of the second of 
these requirements ; the authors’ views are that validity is a primary and indis- 
pensable factor by which a laboratory abrasion test should be judged. 

It is becoming generally accepted that different service conditions are pro- 
ductive of different relative performances between rubbers, and Buist' and 
others have drawn attention to the need of a range of test conditions to cater for 
products such as tires, flooring, footwear, or clothing. 

The most important application of rubber in industry still remains in treads 
of tires, in spite of the increasing diversity of other applications of rubber. 
Tire manufacture still accounts for about 70 per cent of the world’s consumption 
of rubber, and since normal useful life of a tire is governed by wearing out or 
abrasion, the laboratory testing of resistance to abrasion might be regarded as 
the most important criterion of fitness for service. It is unfortunate, therefore, 
that the test proves to be one of the most difficult to carry out in such a way 
that the results can be used for prediction. 

This paper concerns the development of a laboratory test intended primarily 
for assessment of tire-tread compounds, 


HISTORY 


Many empirical forms of laboratory abrasion-testing machines have been 
devised in the past, usually each concentrating on operation at fixed contact- 
pressures and rubbing speeds as an attempt to simulate idealized service condi- 
tions. For example, we have the Akron angle-slip machine, Graselli Du Pont 
machine, Lambourn constant-slip machine, B.8S.A.T.R.A. machine® as those 
which have been most widely used. A fuller list is given by Buist in his paper’. 

These machines were able to cope, to some extent, with the problem of 
assessing rubbers when the compounds were relatively few in number and 


* Reprinted from the Rubber World, Vol. 132, No. 2, pages 201-210, May 1955. This paper was pre- 
sented at the Third Rubber Technology Conference, London, June 1954. 


187 


| 


188 RUBBER CHEMISTRY AND TECHNOLOGY 


widely different in properties. As compounding techniques progressed, it be- 
came increasingly important to differentiate between finer differences of abra- 
sion resistance for the economics of production and service. The need of im- 
proving abrasion-testing methods became pressing. 

Until 1932, Dunlop was using the Lambourn constant-slip machine’ as the 
best method for abrasion testing of tire-tread compounds. By this date, how- 
ever, the differences between compounds of importance to the company had 
reduced to well within the test’s discriminating power; yet there was service 
evidence to indicate the existence of real differences in some cases. In this 
period we frequently obtained inexplicable reversals of evidence in simple 
repetitions of straight compounding comparisons. 

In «a private communication’, Bruhat pointed out the suggestion arising 
from some results that constant slip alone was an insufficient control criterion 
for abrasion testing. When considering the lack of agreement between labora- 
tory and road testing of abrasion loss vs. state of cure, he thought that the 
power passed through the rubber during abrading must be varying between 
successive tests. 

In the Lambourn machine, adjustments to hold constant slip against any 
variations during a test were made by adjusting the power absorption in the 
brake’. In other words, transmitted power was deliberately altered, but not 
measured, Bruhat pointed out that where tests had been possible with con- 
stant brake current throughout the test series on a Lambourn machine, the 
repetition was very good. 

This fact laid the foundation for considering abrading under some form of 
power control, 


NEED OF POWER CONTROL IN A LABORATORY TEST 


Extending the general view of a laboratory test outlined in the introduction, 
the same considerations must govern the principles of test design as are applied 
to the service information from the road. For example, results from differing 
service conditions are weighted to standard conditions to eliminate road, 
vehicle, weather, or driving variables. This is equivalent to controlling test-car 
schedules at specific rates of energy dissipation or power levels. 

Controls on the laboratory machines must take care of these factors; yet the 
test must be short. All abrading actions are complex, but the fierceness of the 
action can be assessed by considering the energy dissipated at the rubbing 
faces, whatever the nature of the mechanism of surface removal. 

Hence, after the nature of the surfaces to be rubbed together at a selected 
relative speed has been decided upon, the remaining complex abrasion factors 
can be standardized by controlling the power transfer of the system. 

In other words, abrasion machines should operate under constant power con- 
ditions. 

The work of the authors on machines designed to operate on this principle 
has led them to support the view that any existing design of machine is certain 
to be improved in test performance by introducing energy control or correction. 
Williams® also took a similar view in his original paper on the du Pont abrader. 


DISTRIBUTION OF POWER IN ABRASION MACHINES 


In order to cause one surface to abrade another, an input power P, is neces- 
sary immediately next to the input side of the abrading interfaces. The 
power is distributed throughout the abrasive/test-piece system thus: 


CONSTANT POWER IN ABRASION TESTING 


4.1 Both surfaces moving, but having a relative slip velocity: 
Pi =Pr+Pr_ (il) 


4.2 Output surface at rest, slip velocity arising only from the movement of 
one surface: 
P, = Pr (and Pr = O) (2) 


Where Pg = power absorbed into the surface materials as abrasion power and 
heat loss. 
Py = power transmitted through the interface to appear as work against 
a load driven by the mechanism. 


The Lambourn and Akron angle machines* operate as type 4.1; while the du 
Pont and U. 8. Bureau of Standards machines operate as type 4.2. 
Also in type 4.1, if F = force acting, and V = velocity of output surface, 
then: 
F = Pr/V (3) 
Let v = relative rubbing or slip velocity between the surfaces; then: 
Pg = P, — Pr = F((V +0) — Vi = Fo (4) 


From (3) and (4) Pg = Prv/V = (% slip/100)Pr in Lambourn slip notation, 
(In practice, measurement of power differences include rubber losses and some 
bearing losses, as well as Px.) 

Therefore tests at constant transmitted power through a constant slip drive 
give fairly complete control of all the energy factors of the system. 


CONSTANT ENERGY METHODS 
The rate of energy dissipation in the test-piece can be controlled by altera- 
tion of either force or slip at the rubbing surfaces. In most machines the slip is 


maintained constant, giving a constant speed for the power control device. 
Typical methods for five types of machine are now discussed. 


(1) ROTATING TEST-PIECE DRIVING A ROTATING ABRASIVE 
WHEEL (£.G., LAMBOURN MACHINE) 


It is necessary to fix the speed of the output shaft; then apply a constant 


brake-torque on this shaft to obtain constant transmitted power. Windage and 
friction losses are constant by virtue of the constant speed. 


(2) FIXED TEST-PIECE PRESSED AGAINST CONSTANT-SPEED ROTATING 
ABRASIVE WHEEL (E.G., DU PONT AND NATIONAL BUREAU 
OF STANDARDS MACHINES) 
Here all that is needed is a control for constant tangential force on the test- 
piece carriers. 


(3) TEST-PIECE MOVING IN CONTACT WITH A FIXED ABRASIVE 
SURFACE (E.G., B.S.A.T.R.A. MACHINE) 


In this type, the test-piece can be made to move at constant surface-speed, 
and the forces on the abrasive surface member measured and kept constant. 

In each of these cases the most convenient method of control to hold both 
power and slip constant is by relatively very small adjustments of test-piece 
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Fie. 1.—Schematiec diagram of constant-power Lam bourn abrasion machine. 


contact pressure during running. Cases (2) and (3) are usually operated at 
much lower transmitted power than case (1), though it is possible to obtain a 
level for power absorbed in the rubbing pair equal to that of case (1) in some 
instances. 


(4) CONSTANT-SPEED ROTATING TEST-PIECE DRIVING AN ABRASIVE 
WHEEL WITH AXIS SKEWED TO PRODUCE SLIP 
(£.G., AKRON ANGLE ABRADER) 


Here some measure of the input torque on the test-piece is needed, and the 
test must be run to maintain this constant. Manipulation can be either by 
small variations of test-piece pressure, or by varying the slip angle. If, as 
may well be the case in small relatively inflexible solid rubber wheels, the abra- 
sion loss is very sensitive to slip angle, then the load adjustment method is to be 
preferred. The slip-adjustment method could possibly be applied in the case 
of very flexible test-pieces, e.g., tire structures. 


(5) BOTH TEST-PIECE AND ABRASIVE SURFACES DRIVEN 
INDEPENDENTLY (E.G., TABOR ABRADER) 


This is a complex device to operate under constant power and constant slip, 
but because of the interaction of the two drives, it is even more imperative to 
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know the exact power transfer picture. It would be necessary to measure 
torques or tangential forces on each of the drives to the two surfaces. The 
two surface velocities would need to be controlled to be constant. 


DUNLOP CONSTANT-POWER LAMBOURN MACHINE 


A description follows of one interpretation of the constant-power principle 
applied to a Lambourn-type machine. 

Figure 1 is a schematic block diagram, and Figures 2 to 5 show general 
views of two forms of this type of instrument. 

Mechanically, the machine retains the principle of a rolling test-piece driving 
a braked abrasive wheel, except that the test-piece runs on the edge of the 
wheel, not the face’, a feature adopted in the later forms of Lambourn constant- 
slip machines. Provision is made for mechanical measurements of input power 
for calibration of the brake. 

Also provision is added for adjusting and steadying the test-piece pressure 
on the abrasive. Slip level is adjusted by this method throughout the test. 

Electrical features are: 

(1) Very accurate speed control of the abrasive shaft by phase control 
derived from 50 cycles a.c. mains fed to a second eddy current brake fitted to the 
motor spindle. The circuit is based on a design by Bulgin*. A series motor is 
essential for this type of control. Variations of speed are no greater than those 
of the a.c. mains frequency. 

(2) Stabilized current supply to the abrasive shaft brake to govern trans- 
mitted torque. 

(3) Continuous display of slip ratio by a stroboscopic system, operated from 
a light idler pulley running on the test-piece surface. 

(4) Automatic cycle controlling and timing to simplify routine operation. 

Trouble has been experienced in abrasion testing of some rubbers with 
stickiness on the test-piece surface. This gives fictitiously low loss figures by 
causing particles to remain on the test-piece, in extreme cases appearing as rolls 
on the surface and clogging the abrasive surface. The effect is considerably 
reduced by controlled carborundum grit feed to the rubber-abrasive nip. Be- 
cause of this, the later designs of machine (Figures 3 and 4) are arranged with 
the nip vertical. Special tests on other feed materials and devices are in 
Appendix A. 

The abrasive is provided by ‘36-grit’” carborundum wheels, with fresh- 
fired surface (not redressed or trued after firing). These give a useful life of 
up to six months by using half of the full edge width to give two tracks by wheel 
reversal, 

The main dimensions of the test-piece and the abrasive wheel are the same 
as in the original Lambourn machine: test-piece: 1}-inch diameter by one 
centimeter wide, with a splined steel center; abrasive wheel: seven-inch diam- 
eter by one inch wide by }-inch hole. 


TEST METHODS 


Each test-piece is given a rough grinding on a separate device to assure con- 
centricity, followed by a period of running on the abrasion machine itself to 
aline the test-piece surface truly with that of the abrasive wheel. 

A complete comparison of compounds involves four runs of five minutes for 
each test-piece, arranged on a randomized statistical plan for the testing to 
minimize the effect of abrasive and rubber variations. 


Tore 


Fie. 2.—Original horizontal beam machine. Test-piece and abrasive wheel are behind housi i 
locations indicated by dotted lines 
Fic. 3.—General view of vertical nip machine, 
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Fic. 4.—Vertical nip machine, showing pabyiene and idler pulley. 
Fie. 5.—Control cabinet at rear of machi 
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The mechanical and electrical constants of the machine, e.g., output speed, 
brake current, slip ratio, are set at levels designed to make all tests at 400 
kgm.-cm./sec. transmitted power, with a slip ratio of 16 percent. These values 
were chosen so that the machine will run in a stable manner with some reserve 
for control and still place the greatest number of compounds in the order of 
merit found to exist in service. The test conditions can be varied, however, 
over a wide range whenever such variation is desired. 


° 2 a 
of S-minute tem runs 


Via. 6.--Typieal test-piece weight losses during successive runs 


REFERENCE COMPOUND 


Every comparison group is arranged to include a test-piece from a batch of a 
standard reference compound, and all volume losses are referred as resistances 
to wear relative to the reference compound test-piece on a percentage basis. 
A fairly large batch of the reference compound is mixed at a time, and the 
test-pieces are cured in groups of 12 to 24 from this batch. Before being put 
into use, each fresh batch of reference test-pieces must pass an acceptance 
trial. Rejection limits are based on accumulated evidence of test error, in the 
form of a control chart. 
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SPECIAL TESTS 
In order to assess possible effects of other variables, a number of special 
investigations were made. These are outlined in Appendix B. 
GENERAL PERFORMANCE OF THE MACHINE 


A number of these machines have been built in different Dunlop labora- 
tories ; the first two still are in use after 20 and 16 years, respectively. Five 


° 


f2 4 2 
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Fic. 7.--Typical volume loss vs. percentage slip 


more of the No. 2 type—with the abrading nip arranged vertically—have been 
brought into use during the last 8 to 10 years. The last two are somewhat 
improved in details, particularly the electrical and electronic controls, but are 
still based on constant transmitted power at constant-slip ratio. 

The rate of wear of a test-piece with time during a test run, under the 
standardized conditions, is linear except for the running-in period. The pre- 
liminary running-in insures that the true test run does not commence until the 
linear condition is reached. Figure 6 illustrates this graphically. 
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200 


300 400 
transmitted power kgcms/sec. 


hic, 8. Typieal volume loss ve. transmitted power 


The need of controlled standardized conditions is emphasized in Figures 7 
and 8, which give typical curves of volume loss with percentage slip and trans- 
mitted power. 


WHEEL LIFE 


During « series of tests, the sharpness or effective abrading power of an 
abrasive wheel falls away gradually. This point is shown in the typical life 
curve of one compound on two abrasive wheels given in Figure 9. The testing 
technique already described is designed to minimize this effect. As shown by 
the broken line curve of Figure 9, redressed wheels have an impracticably short 
useful life. By arrangement with the manufacturers, specially true-running 
fresh-fired wheels are used. The wheels are rejected after becoming blunt. 
They are not redressed and used again. When new wheels are brought into 
service, it is advisable to check their performance by first testing three or four 
different compounds of known abrasion indexes. 
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REPRODUCIBILITY 


Error variability is continually examined by control chart methods. It 
varies with weight loss and abrasion index, as shown in the representative table 
below. 


Least Dirrerence Required ror SiGNiFicaNnce BerweEen Two 
Compounpbs at A Levet or Ong IN 20 


Abrasion resistance Mean weight loss of reference 
of pair compound 


res ts | 
Ref. compound = 100 100 mg. 80 mg 60 meg 
80 5 6 8 
100 s 9 12 
120 11 13 17 


It is customary to reject abrasive wheels when the weight loss of the refer- 
ence compound falls below 50 mg. 


CORRELATION 


It is a long and difficult task to obtain enough data for an adequate correla- 
tion between road wear and laboratory abrasion loss. It is very rarely that 
enough vehicles and tires can be used exclusively for this purpose. Results 
often have to be collected from many small independent experiments and dealt 
with as statistically as possible to determine the most probable road correlation 
for the laboratory test. 

Figure 10 shows the correlation obtained from one fairly large experiment 
run under controlled conditions, using test-pieces from the actual treads which 
were runonthe road. It will be noted that there is substantially a 1:1 relation. 
It is found that differences usually exist between laboratory mixed and produc- 
tion mixed rubbers, and between molded test-pieces and strips from tires. 
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Fia. 9.—Typical weight loss —-number of runs during life of abrasive wheels 
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Allowances for these have to be made when predicting road performance from 
laboratory mixed and cured test-pieces. The general effect is to increase the 
slope of the equivalent line of Figure 10 in the direction of greater sensitivity 
for laboratory molded test-pieces. 


APPLICATION OF CONSTANT POWER TO OTHER MACHINES 


It has already been pointed out that any abrasion machine can be improved 
by adding power controls, and some tentative methods are given. Following 
this idea, two other machines have been converted to operate on these principles 
in the authors’ company. 
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Fic. 10.--Road correlation strip test-pieces {rom road-test tire covers 


CONSTANT-POWER DU PONT-TYPE MACHINE 


This modification’ was devised to convert any standard Du Pont abrasion 
machine to operate on the new principle. Full details have been disclosed at 
the Conferences of ISO/TC/45 Committee and referred to as the constant 
torque Du Pont machine. In the main it consists of adjusting the test-piece 
pressure on the abrasive wheel by a pull wire and spring system extending 
through the hollow spindle of the machine. The adjustment is made to main- 
tain the torque on the test-piece carrier arm constant judged by free floating 
between stops against the reaction weights on the extremities of the arm. 

The improvement in results on the Dunlop-Du Pont machine is shown in 
the following table. 
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Compound Constant torque Constant load Road 


100 100 
92 145 
85 159 
73 100 
63 54 
38 50 


CONSTANT-POWER U. 8. BUREAU OF STANDARDS~-TYPE MACHINE 


This machine is not yet completely evaluated. It consists of five test-piece 
carriers, each on arms arranged to act as bending cantilevers against the torque 
action of the rubber held against the moving abrasive wheel surface. The 
forces on the cantilevers are measured electrically. 

The machine is very simple to operate, capable of testing very small rubber 
test-pieces, but its performance and best applications remain to be assessed. 


THE MECHANISM OF ABRASION DAMAGE TO RUBBER 


In seeking ways to improve abrasion resistance by compound or choice of 
polymer, it would be of great value to understand more fully the exact mechan- 
ism of surface removal and what forces and energies are involved. Buist and 
Davis" have attempted to establish correlation between other physical proper- 
ties, more readily measurable, which has, however, limited validity. A more 
fundamental approach has been reported by Schallamach". 

It is interesting to examine work published on metal grinding, where a study 
was made of energy dissipation and temperature effects. A summary of this 
work relevant to the rubber abrasion problem follows. 


THE GRINDING OF METALS 


Work published by Shaw and others"? has established the general rule that 
the energy required to remove unit volume of a crystalline material like a meta! 
by grinding or abrasion (defined as the specific energy) increases as the size of 
the removed particle decreases. As the size becomes very small (20 micro- 
inches), the specific energy approaches an upper limit corresponding to the 
energy required to shear lines of atoms in the metal. This critical size proves 
to be that of the local irregularities in the crystal structure. Extending these 
principles to more general abrasive systems, the specific energy would be 
expected never to be greater than a value corresponding to rupture of the 
atomic and molecular structure of the material. 

The importance of this approach in laboratory abrasion testing of rubber is 
in connection with attempts to speed up the rate of testing by using coarser 
abrasives and higher input power than the product meets in service. Larger 
particles are torn out, and the specific energy per unit volume removed is likely 
to be much lower than in service. 


DISRUPTION ENERGY OF A RUBBER STRUCTURE 


It is difficult to calculate the maximum value of the specific energy of a 
rubber structure. The ultimate theoretical mode of failure might be taken as 
disruption of all bonds and reduction to isoprene monomer, in the case of 
natural rubber and to free particles of filler. This then involves an energy 
consumption equal to one C—C bond per isoprene unit, plus the heat of wetting 
of all compounding ingredients used. Further energy would have to be allowed 
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for secondary bonds or van der Waals type forces between chains. This can be 
estimated from activation energy of plastic flow, or from the free surface energy 
of unsaturated hydrocarbons. 

Some calculations on these lines are given in Appendix C, and the conclusion 
drawn is that the maximum energy needed to create new surface by abrading 
rubber is theoretically of the order of 2000 ergs/sq. em. 

Using experimental figures for the size of the particles from two typical 
laboratory machines, an estimate is made in Appendix D of the theoretical 
maximum energy required to tear out particles from the rubber. 

The figure thus derived is about 


2.1 * 10° ergs/ec. volume loss 


0.5 * kgm.-cal./ce. volume loss. 


Comparable experimental energies required in various abrasion systems are 


given below. 
Typical energy 
dissipated 
per unit 
volume loss 
Type of abrasion (kgm.-cal./ee.) 


Constant energy Du Pont machine 
Lambourn machine 

8.8.A.T.R.A. machine 

Rubber brake blocks on smooth cycle rims 
Rusty cycle rims 

Automobile brake shoes on smooth drums"* 

Cornering of tires on cars 


CONCLUBIONS FROM ENERGY CALCULATIONS 


The most striking conclusion from these figures is the completely insignifi- 
cant part which the structure bond energy plays in the practical energy levels 
required for abrading rubber. Even the most vigorous abrasion machine 
(B.S.A.T.R.A.) gives a figure of 5000 times the bond energy. 

By comparison, the behavior of a crystalline metal shows a much closer 
correspondence with the theoretical energy under fine grinding conditions. 
The general effect of a large rise of specific energy of abrasion with increasing 
smoothness of rubbing agent is found in both cases. 

In frictional rubbing, therefore, it seems that the great bulk of the work done 
is by repeated deformation of thin surface layers and consequent energy con- 
version by the asperities of the rubbing agent, without breakage of the struc- 
ture. Only in extreme cases of interference of the surfaces are particles broken 
off and removed from the scene of action. Expressed briefly, it is therefore 
possible to visualize friction without wear, particularly on very smooth surfaces. 

A further practical conclusion is that the ability of a rubber to deform and 
absorb large quantities of work at high temperature without fracture is the 
property which governs abrasion resistance. This suggests that possibly tensile 
product (breaking load breaking elongation) measured at 150° C or higher, 
combined with fatigue resistance to rapid stressing, might be found to correlate 
with wear resistance. 


OXIDATION EFFECTS AT HIGH TEMPERATURE 


The temperature and oxidation phenomena in metal grinding are very im- 
portant in the energy exchange. 
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Local temperatures were shown" to be in the region of the melting point of 
steel, though difficult to measure. The glowing sparks from some metals were 
shown to be due to oxidation heating after leaving the nip. 

Experiments on grinding steel in inert gas showed greatly increased forces 
and a large rise of specific energy, due to rewelding of chips to the parent meta! 
and the necessity of repeated cutting of the same piece of metal. 

In the case of rubber, although the disruption energies involved are lower 
than those of metals, it is very probable that the abrasive action involves 
temperatures at which physical properties are very much degraded, compared 
with their normal values. Furthermore, oxidation at these temperatures would 
lead to a sticky product, and the “chips” or ground powder would be more likely 
to adhere to the parent sample and cause a reduction of abrasion loss. 

We have, therefore, almost the opposite case from that of metals, and it 
might be thought that a laboratory test in a nitrogen atmosphere would offset 
the stickiness problem due to excessive temperature and make the abrasion 
mechanism a closer approach to service conditions. 

Experiments on these lines are reported in Appendix A. The use of nitrogen 
failed to eliminate stickiness, but this condition may be due to the great diffi- 
culty of removing the last traces of oxygen. The important suggestion 
remains that the chemical nature of the rubber in relation to oxygen is a vital 
factor in the mechanism of abrasion. 

Possibly experiments in oxygen-enriched atmospheres may yield valuable 
information on polymers which are less readily oxidized than natural rubber. 


SUMMARY AND CONCLUSIONS 


This paper has been mainly concerned with presenting the case for power 
control in abrasion testing, and the implications of the better understanding of 
the mechanism of abrading. It is not claimed that the test machines deseribed 
are perfect in their ability to assess resistance to wear action. There is still 
much to be done to remove anomalies that can still occur in results, 

One underlying principle, that of constant rate of energy dissipation at the 
abrading surface, is proposed as a criterion for comparison of the validity of test 
design for the many different types of laboratory test in regular use for assess- 
ment of wear resistance. 

Modification of the Lambourn constant-slip machine to make it conform 
with the constant-power principle is described, and the degree of correlation 
with service data on tires given. 

The effects of several major variables on the abrasion loss of rubber tread 
compounds, when tested with the modified Lambourn machine, are reported, 
including work on combating stickiness. 

Experiments with the Du Pont and U. 8. Bureau of Standards abraders, 
modified to conform to constant-power principles, are also reported in this paper 

The relations between work done in mechanically grinding rubber and the 
energy associated with the bonds ruptured in the grinding action are considered 
It is suggested that a correlation may exist between abrasion and high-tempera- 
ture flexibility properties of rubber. 
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APPENDIX A 
COMBATING TEST-PIECE STICKINESS 


Stickiness has been experienced by all workers on abrasion. While, in the 
early days, only a few compounds seemed to exhibit this effect, most modern 
compounds are affected to some degree. When stickiness exists, abraded par- 
ticles do not leave the test-piece, but remain adhering to the sticky surface to be 
rolled repeatedly under the abrading contact. The final measured weight 
losses are then fictitiously low for the purpose of abrasion assessment. 

Many devices were explored to combat this phenomenon; none was com- 
pletely successful for all compounds. These are listed below: 


1. Water spray into the nip. Weight losses extremely low, 2-3 mg. in 
one hour. 
. French chalk into the nip. Weight losses extremely low, 1-2 mg. in 
two hours. 
3. Scrapers on the test-piece. Aggravated the stickiness. Rolls not 
removed. 
. Fixed wire brushes on the test-piece. 
Fixed bristle brushes on the test- 
piece. 
. Rotating bristle brushes on test- Removes drier detached particles—no 
piece. effect on rolls or stickiness. Adopted 
as on original machine 
. Finer grit abrasion wheel. Aggravated the stickiness. 
. Emery flour into the nip. Weight losses extremely low. 
. Emery grits into the nip. 36, 60, Weight losses rather variable. 
120 mesh (and mixtures). 
. Enclosing test apparatus in an inert Even after careful flushing out remain- 
atmosphere—nitrogen. ing air, after evacuating many times, 
with Ny, and similar treatment of the 
rubber test-pieces, stickiness still oc- 
curred to the same degree as normal 
testing. (Possibly traces of air atill 
present in spite of treatment.) 
. Carborundum grits into the nip. Grit size too large for easy governing 
. 36-grit carborundum. if constant flow. 
3. 120-grit carborundum Weight losses uniform. Flow control- 
120-grit Crystolon. lable constant. Satisfactorily removed 
stickiness for many compounds. 
. 80% 120-grit Crystolon* and 20° Weight losses still uniform. Removed 
emery flour. stickiness to a greater degree and 
handled more compounds than 13. 


Tended to increase stickiness without re- 
moving rolls. 


Method 14 was adopted, but there are still some rubbers which are too 
sticky for reliable abrasion results. The practical answer is that any grit which 
can be guaranteed for size and hardness of this order of mesh should be satis- 
factory if fed at constant rate close into the nip 

Attempts to correlate compound constituents with stickiness have not 
proved very convincing. 
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APPENDIX 
SPECIAL TESTS 


Ambient temperature and abrasion.—Using the same enclosure system de- 
vised for the nitrogen tests (Appendix A), tests were made under ambient 
temperature conditions over the range 20° to 100° C. 

The weight loss on the natural-rubber tread compound tested increased 
linearly with temperature. This is shown in Figure 11, together with the 
reciprocal curve of resistance to wear vs. temperature. 


20 40 80 
temperature °c 


resmtance to wear 


Fig. 11.—-Effect of ambient temperature on abrasion of natural rubber tread. 


On this evidence, since the main testing laboratories change temperature 
over a wide range during a few months, it was decided that the abrasion machine 
should be operated in the special controlled temperature laboratories (20 + 2° 
C). 

Half and half centers.-A half lap split steel center was devised to enable half 
test-pieces to be built from two rubbers of a comparison. This was thought to 
be a possible equivalent of the road test and half treads which are frequently 
used in investigations as a method to reduce some road test variables. 

This design of test-piece was not successful, the slip ratio for « given beam 
load setting being different for each half wheel. The slip stroboscope image 
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remained steady due to the rotary inertia of the test-piece drive, and the test 
run was made at a mean slip of 16 percent. The energies and slip on each half, 
however, are not equal ; hence, the two halves are not tested at strictly standard 
conditions. The practical effect was to reduce the differences between com- 
pounds to an unacceptable level. 

Half-and-half test covers may suffer from a similar interaction, rendering 
road evidence from these tests less valid than is usually assumed. 

Pneumatic teat-piece.—¥ ollowing a suggestion that a more flexible test-piece 
construction may make for less variability, a simple hollow inflatable rubber 
test-piece wheel was designed, small enough to fit the existing machine (i.e., 
24-inch diameter) with a one-centimeter wide tread molded integral with it. 

A number of experiments were made, but it was found that variability in- 
creased rather than decreased, and crowning of the tread, due to the increased 
flexing under load, produced an ever-changing stiffness. Further, it is difficult 
to maintain constant inflation pressure in so small a volume, due to leakage 
difficulties, and this constitutes another control to be handled. Best results, 
and even these were poor, were obtained with atmospheric inflation pressure. 
Mechanically the machine ran very smoothly and silently with this type of test- 
piece. 

It was concluded that the effects of test-piece flexibilities and stress en- 
countered in this type of wheel are better left to tests on full-scale tires using 
larger apparatus, or to detail analysis of road tests. A laboratory test of the 
type dealt with in this paper is primarily concerned with determining the resist- 
ance to wear of a compound, not test-piece shape factor and design effects. To 
deal with these product design effects, it may be necessary to apply corrections, 
based on results from separate study of the factors when predicting performance 
of a compound in two different tire or product constructions. This does not 
affect the separate conception of resistance to wear index of the compounded 
rubber. 

Abrasive materials.—Originally, abrasive papers of the water glue bonded 
type were tried in strip form on a seven-inch diameter by one inch wide drum. 
These were very variable (+ 10% on weight loss), owing, no doubt, to the 
weakness of the glue bond. It is proposed to reopen this work using the newer 
Tri-M-ite (1.8.0. batch) papers'® used on Du Pont machines in due course. 
This may lead to a more economical system for standard abrasive surface. 

Karly in the work of applying constant energy principles, the possibility of 
more permanent abrasive surfaces, e.g., diamond grit, boron carbide grit, was 
discussed with the manufacturers. No standard production of suitable grit 
size wheels (approximately 36-grit) exists, and special production would be 
prohibitive in price. The price, however, could be secondary in importance if 
these types of wheel proved to be more permanent. Experiments with existing 
fine diamond dust wheels proved useless; these simply aggravated stickiness. 
Development of this approach was not carried further. 


APPENDIX C 


ENERGY REQUIREMENTS FOR BOND BREAKAGE 


Considering the ultimate unit likely to be involved in the finest possible 
abrasion action as the isoprene unit in the rubber chain, the bonds holding these 
in place are regarded as consisting of one covalent C—C bond per isoprene unit, 
the associated secondary van der Waals type forces between adjacent side 
groupings, and an occasional vulcanization cross-link. 


CONSTANT POWER IN ABRASION TESTING 205 


The orientation of the isoprene units with reference to any particular plane 
of possible rupture is random in unstressed rubber, but the act of stressing 
increases the degree of orientation normal to the plane of rupture. 

Assuming first that all the bonds are fully orientated, the maximum num- 
ber of covalent bonds will need to be broken, i.e., one per isoprene unit present 
at the new surface created. 

Taking the C—C bond strength as 80 keal./mole, and the size’ of the iso- 
prene unit cell normal to the main chain as 27A?, we get: 

80 & 4.185 & 10! 


Energy per molecule = 108 = 5.6 X ergs, 


and energy per 8q. cm. = 27 x 1076 = approx. 2000 ergs. 

Now, in the case where rupture occurs so that no covalent bonds are in- 
volved, but only the secondary bonds, the figure may be taken as approximately 
twice the free surface energy (i.e., twice the surface tension figure for simple 
unsaturated hydrocarbons), This gives about 60 ergs/sq. cm., a much lower 
figure than that above. 

The stress at the region of rupture will increase the orientation in the direc- 
tion of stress, so that a high proportion, say 50 per cent, of the strong bonds will 
be involved. 

The effect of carbon black reinforcement is a further increase in the work to 
be done on bond breakage. Judged by increase in tensile strength, the increase 
is 1.5:1 for natural rubber, and as high as 4:1 for butadiene-styrene rubbers, 
compared with the gum stock. Judged by increase in resistance to wear, the 
effect of blacks is as much as 4 or 5:1 for a fully reinforcing black under some 
types of wear conditions'*. For the purpose of this estimate, we will take the 
carbon black factor as 2.0. 

The effect of the occasional cross-links between chains due to vuleanization 
can be ignored, because it is probable that the ultimate plane of failure will 
divert to follow the weaker portions of the molecular network which exists 
between cross-links. 

We may speculate, therefore (and the simplified assumptions do not warrant 
any stronger word), that the maximum theoretical energy attributable to bond 
destruction in creating each sq. cm. of new surface is of the order of 


2000 X 0.5 XK 2.0 = 2000 ergs/sq. cm. 


for a carbon black reinforced rubber. 

The use of plasticizers which may be regarded as increasing the lateral 
spacing of chain segments will have the effect of reducing this figure, as van der 
Waals forces will be reduced, and the number of strong bonds in the plane of 
rupture will be decreased. 


APPENDIX D 


INCREASE OF FREE SURFACE AREA INVOLVED IN ABRASION 


In order to use the energy figure calculated in Appendix C, it is necessary to 
estimate the amount of new surface created in grinding off a unit volume of 
material, and this is obviously dependent on the particle size. 

Consider the particle to be approximately cubical of side x. 
position five of the square faces are bonded, and one free. 


In its original 
These five faces 


fat 
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must be broken to free the first particle, but subsequent adjacent particles need 
only four faces to be broken. The total area increase for a large number of 
small particles is, therefore, only 42? to a close approximation. 


In unit volume, number of particles N = — and increase of free surface is 


4 
8q. em./ce, 


Measurement of particle size distribution from laboratory abrasion machines 


gives the following data. 
Du Pont Lambourn type 
(constant energy) (constant energy) 


Mean particle size number (my) 40 37 
Range of size (my) 10-250 5-300 


(The harmonic or reciprocal mean was taken in order to use the figure in cal- 


culating the surface.) 
Taking 38 my as an average for the two machines, the new surface for unit 


volume loss is: 
4 


; = 1050 sq. em./ee, 
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CUT GROWTH AND FLEX TESTING OF NATURAL 
RUBBERS AND SYNTHETIC ELASTOMERS * 


Rupo.r KaIser 


Hannover, Germany 


I. INTRODUCTION AND DISCUSSION OF PREVIOUS METHODS 


In the last decades, numerous studies' have appeared concerning the be- 
havior of tears in natural rubber and synthetic elastomers. In the United 
States? and England’ there are even standardized test methods. It can be seen 
from all the investigations and test instructions that the results are very poorly 
reproducible and only rarely agree with practical experience. 

In investigations on the behavior of tears, the two stages—the beginning of 
the tear and the growth of the tear (tear propagation)—must be differentiated. 
The following factors must be given primary consideration in starting the tear: 
external damage, the action of ozone and oxygen, frequently changing tensile or 
compression stresses. Here oxygen plays a role similar to that in the corrosion 
of metals. Fatiguing mechanical stress undoubtedly leads to the appearance of 
tears. But it can be assumed that the beginning of a tear observed in the area 
of maximum stress takes place at a preferred point on the surface. Such pre- 
ferred points are always present. As is well known, the surface of a material 
even on a high polymer—must not be regarded as completely “smooth”. In 
place of this supposed smoothness, there appears under microscopic or electron- 
microscopic observation a kind of “mountain system”. Observed under suffi- 
cient magnification, the ‘‘valleys” or cuts in the mountains are comparable to 
tears. Under mechanical stress, such cuts will then continue to grow particu- 
larly rapidly (nick effect). Now it is largely dependent on the kind of observa- 
tion and the observer as to whether a small irregularity in the surface is called a 
tear. The beginning of the tear cannot, therefore, be defined clearly. The 
case is quite different with tear growth. The initial conditions—the tear pres- 
ent at the beginning of measurement—are given and only the growth of the 
tear has to be followed by measurement. The growth of the tear therefore 
seems to us to be well suited for detailed investigation. 

Almost all previously published papers concerning the tear behavior of 
elastomers refer to tests carried out with De Mattia, Du Pont, Scott, or Flipper 
testing machines‘. These machines subject the test substance to a continuous 
mechanical stress (tension, compression). With some of these machines the 
magnitude of the stress in the test can hardly be determined. The test results 
with different machines can, therefore, be compared only with difficulty. Even 
with the internationally recommended De Mattia machine, there are consider- 
able difficulties in specifying the magnitude of the tensions produced. The 
front of the test strip, which has a groove® vulcanized into it, is extended on 
bending, as can be seen from Figure lc. It is not possible to measure the ten- 


* Translated for Cuemistay anp Tecuno.ooy from Kautechuk und Gummi, Vol. 8, No. 6, 
pages WT 145-152, June 1955. This paper was presented at the meeting of the Deuteche Kautechuk- 
Gesellechaft (German Rubber Society), October 21-23, 1954, Munich, German 

The present address of the author is Institut far Technische Physik, Technische Hochachule, Darmeatadt 
Germany. 
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Fic. 1, a-c.-~Most usual arrangement for the bending test of a tear. a and b— different 
lengths between clamps. ¢-—test-piece stressed. Side view, schematic. 


sion in the groove exactly*. Furthermore, the bending—and thus the tension 
depend largely on whether the length of the test-piece corresponds to the dis- 
tance between the clamps in the starting position (Figure la), or whether the 
test-piece is longer (Figure lb)’. Even the shape of the vuleanized groove- 
deviations in the molding are inevitable—has a significant effect on the results. 
Various authors* have referred to this cause of great variations in the test re- 
sults. Our own measurements agree with this. 

In our experiments we were very careful to arrange the nature of the stress 
clearly. Our test-pieces were extended uniformly in the front and the back. 
The magnitude of the extension could always be given exactly. No grooves 
were present. 

Experiments on tear propagation (tear growth) have been carried out® by 
several authors with the machines mentioned above. The stressing took place 
mostly in the manner reproduced in Figure 1. The initial tear was made in two 
ways. The test-piece was either completely perforated (with a needle or a 
knife) at the bottom of a groove (Figure 1), and the increase in the length of the 
tear determined in relationship to the running time’ or a cut was made across 
the test-piece, and the depth of the tear was measured after various times by ob- 
serving the cut from the side of the test-piece". 

Both methods simplify the problem in an inadmissible manner. They can- 
not give any information about relationships that might possibly exist between 
the length and the depth of the tear, since either depth or length extends over 
the whole test-piece even at the beginning. Since the tear is on the inside of a 
stressed body in almost all applications, the results could only with difficulty be 
applied to practical situations. 

In the present study we give a method (see accompanying sketch A) with 
which, for the first time, the length and depth of the tear are measured at the 
beginning and after various times of stressing. This provides an opportunity to 
evaluate the tear behavior of elastomers, and, at the same time, to obtain 
definite information on structural questions with high polymers. 


Antangsrif 


Sketch A Anfangsrias signifies the initial cut, Probe the test-«pecimen, and Kraft the stress 
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Halterung 


Schabione | 


Probe 


Fic. 2.—Cutting apparatus. knife; Halterung: mounting; 
hablone: template; Probe: test-piece 


Il. EXPERIMENTAL PROCEDURE 


We choose the following dimensions for the test-pieces: length 120 mm., 
width 25 mm., thickness 6 mm. Figure 2 shows the jig with which we made 
the initial cut in almost all measurements. The knife is equipped with a mount- 
ing that fits exactly into the template. The template is devised to avoid, to a 
large extent, tilting of the knife, and thus makes it possible to obtain the de- 
sired initial length. 

The initial cut produced in this way can now be measured under the micro- 
scope (magnification 40 *) for length and depth. For this the test-piece is 
placed on the mechanical stage of the microscope in a suitable mounting instead 
of onaslide. With the aid of the cross-hairs in the ocular and the vernier scale 
on the mechanical stage, the length of the tear is measured exactly to 0.1 mm 
The following procedure is used for measuring the depth. As can be seen from 
Figure 3a, one first focuses sharply on the upper edge of the cut (Point A). To 
focus on the “valley"’ (Point B) sharply the stage of the microscope must be 


Fic. 3, a and b.—-To measure the depth of the tear with a microseope. Glossary-~Mikroskoptubus 
barrel of microscope ; Objektiv: objective; Probe: teat-piece; Kreuztiach: stage 
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raised by the height A. For this, the coarse adjustment is used. If a suitable 
scale is fitted to the coarse adjustment knob, the depth of the tear (measured at 
ite deepest point, Figures 3 a~b) can be determined exactly to 0.05 mm. 

After the length and the depth of the tear have been measured, the test- 
piece is mounted in two clamps 80 mm. apart (Figure 4a). Then the piece is 
periodically extended (Figures 4b and 5)". The number of strokes is 250 per 
minute (frequency of about 4 cycles per second). At specific time intervals 


0,50 0,75 19 
Zeit (sec) 


Via. 4, a and b.—Apparatus for the extension of the test-pieces (schematic). 
5. Periodic change of the extension applied. Glossary-—~Dehnung: extension; Zeit: time. 


suited to the growth of the tear in the material and to the tension, the sample is 
taken from the machine, and the new length and depth are measured. 
All investigations were carried out at room temperature. 


II, RELATIONSHIP OF THE LENGTH AND DEPTH 
OF THE TEAR TO THE STRESS 

The relationships that appear with a maximum extension of 50 per cent for 
natural rubber samples are shown in Figures 6a and b. From the three series of 
measurements given, it can be seen that during the first 60 minutes both the 
length and the depth of the tear increase approximately linearly with the run- 
ning time of stressing'*. As the position of the experimental measured points 
show, the deviations are only very small. (The measured points show only a 
small scattering.) 
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Tiefe [mm 


Longe (mm 


40 0 
50 100 50 100 


© Zeit (min) ® Zeit min} 


Fie. 6, a and b. —Length one depth of tear in relationship to time in dynamic stress. Frequency: 4 
per second; : 60%; natural-rubber vulcanizate. Glossary—-Lange: length; 
time; Tiefe: depth. 


Now the first question to come to mind is what effect various stresses exert 
on the growth of the tear, For this purpose we have subjected our test pieces 
to extensions of 25 to 125 per cent. The results are summarized in Figure 7. 
The individual curves represent mean values of 4 to 8 measurements in each 
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Fia. 7, a and b (left).—I th and depth Fio. 8, a and b.—Tear with initial 
of tear in relationship to time. Test piece dy- length and depth than in Figure Test-piece 
namically stressed Frequency : 4 cycles per dynamically stressed 
second ; curves 1, 2, 3, 4 and 5 measured at 25, LAnge: length; Tiele: depth; Zeit: time, 


50, 100, 110, and 125% of maximum ex : 
curves averaged. 
Lange: length; Tiefe: depth ; Zeit: time, 


211 : 
19 
— 
0 
= 
| 
| 
13} 
60 
| 
| 
70 
50 100 150 15 
© Zeit (min } 
4, 
] 
| 
2 | 
| 


| 


RUBBER CHEMISTRY AND TECHNOLOGY 


212 


instance. Because of the approximation to the mean, the experimental points 
were not reproduced. Curve 2 (50 per cent extension) includes the results 
already reported in Figure 6. It can be seen from Figure 7 that, with increas- 
ing extension (from Curve 1 at 25 per cent to Curve 5 at 125 per cent), length 
and depth grow more and more quickly. Here, it seems as if small extensions of 
25 and 50 per cent (Curves | and 2) would lead to an approximately linear rela- 
tionship of the length and depth of the tear to the time of stressing. Further- 
more, a rough survey shows that, on exceeding about 50 per cent maximum 
extension, the growths in length and depth increase very sharply. 


Kia. 9, a-d Photographs of cuts in test-pieces in the plane of the tear, carried out after various 
periods of etress. Kunning times: a) 0 min.; b) 20 min.; ¢) 38 min.; d) 41 min.; maximum extension: 
125° (magnification 4-) Border lines, surface of the break; initial tear and surface of the break ; 
undamaged test-piece shown by broken line 


In the results reported so far we always chose about the same initial lengths 
(about 4.5mm.) and depths (about 0.4mm.), It is now important to ascertain 
whether a change in the initial conditions creates new relationships. For this 
purpose, two samples with initial tears 7.2 mm. long and 0.7 mm. deep were 
stressed to 50 per cent extension. We compared the findings, shown in Figure 
&, with the known case illustrated in Figure 6. The length now increased more 
slowly than in Figure 6. The behavior of the depth of the tear was surprising. 
Already after about 30 minutes, the depth reached a value of 1.2 mm., which 
did not show any further change during the period of observation. The great 
difference found here, compared with our previous measurements, must be 
explained below. 


IV. RELATIONSHIP BETWEEN LENGTH AND DEPTH OF TEAR 


The results in Figure S make it clear that the growth of the tear depends 
very much on the dimensions of the tear (length and depth). Nor is it sur- 
prising that a long tear behaves differently from a short one. 
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In order to investigate these relationships in greater detail, we cut right 
through various test-pieces along the plane of the tear. Figures 9a-d reproduce 
photographs of test-pieces taken at the same stress (125 per cent extension) 
after 0, 20, 38, and 41 minutes. The “surfaces of the break” can be clearly 
recognized. In all the cuts not reproduced here, they also have a semi-elliptical 
form. On closer observation of the otherwise crude semi-ellipse, a narrow 
smooth area can be recognized at the brim. This part comes from the initial 
cut by the knife. It should also be mentioned that the depth of the tear, which 
can easily be determined after the sample is cut open, always agreed exactly 
with the one we had ecaleulated beforehand. 


4 
10 


Tiefe (mm 


10.—-Length-depth diagram at of maximum extension. 
a taken from Figure 8, ) from Figure 7 or Figure 6. 


gemessene Kurven: measured curves. Grenzeurve: limiting eurve. Lange: length; Tiefe: depth 


One could now assume that the fracture surfaces always appear as semi- 
ellipses, with a fixed ratio between the major and minor semi-axis (here half 
the length to the depth of the tear). It was, therefore, a question of investigat- 
ing the previous results to see whether such a fixed ratio of length to depth of 
tear could be recognized. For this purpose, a series of measurements, all of 
which were carried out at 50 per cent extension, is summarized in Figure 10. 
Since we are dealing partly with average value curves, we have again not 
entered the experimental or data points. The curve designated as a corre- 
sponds to Figure 8. In curve 6 we again find Curve 2 of Figure 7 (or Figure 6). 
In Figure 10 we have therefore compiled a series of measurements of test-pieces 
subjected to equal stresses, but with varying initial tears. As the figure shows, 
all the curves flow into a limiting curve, which we have indicated by the broken 
line. In most cases with arbitrarily chosen initial conditions, the values will, 
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at first, fall outside this limiting curve. With stressing, however, length and 
depth will grow in such a way that they run into the limiting curve. 

We wanted to obtain further information on the limiting curve. In Figure 
10, our measured curves always began to the left of the limiting curve. The 
initial length of our cuts was always greater than the “‘right’’ ratio of length to 
depth, which exists only on the limiting curve. In Figure 11 we have plotted, in 
addition, measurements with a greater initial depth (Curve 3). The curve 
designated by D is about identical with the limiting curve. All the other 
curves flow into it. The connection is seen very well here. If the initial length 
is too great (Curves | and 2), the length at first grows more slowly than the 
depth. In the length-depth diagram, therefore, the curves are concave up- 
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Fic. 11.—To explain limiting curve D. Curves | and 2, with too large an initial length, and curve %, 
with too small an initial length, run into limiting curve D in the course of the stress. 


LAnge: length, Tiefe: depth. 


wards. If the initial depth is too great (Curve 3), the depth at first grows more 
slowly than the length. Curve 3 is, therefore, concave downwards. These 
measurements serve to show that it is not difficult to determine the limiting 
curve,?® 

Now it must be determined whether the position of the limiting curve 
changes with the stress. In Figure 12 are plotted the results of investigations 
with a 50 per cent extension (A), a 100 per cent extension (B), and a 110 per cent 
extension (C) for the same natural rubber compound. The curves shown 
coincide approximately with the limiting curves, as can be seen from other 
measurements that have not been reported. Curve A is already familiar from 
Figure 10. It is evident from Figure 12 that, with increasing extension, the 
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slope of the limiting curve diminishes. The position of the limiting curve, 
therefore, depends on the stress. 

In Figure 12 the time is plotted as the number of minutes which elapse be- 
fore the point in question (in the length-depth diagram) is reached. This 
presentation is intended only as a rough survey for the time being. But the 
following is already clear: to get from 5 to 6 mm. in length of tear, 500 minutes 
elapse at 50 per cent extension, 20 minutes at 100 per cent extension, and 10 
minutes at 110 per cent extension. Various periods of times are required to 
traverse the limiting curve, according to the extension applied. 

In the measurements in Figure 12, the same compound was subjected to 
various extensions. In Figure 13 we have retained the 50 per cent extension, 
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Fie. 12 (right).-Limiting curves of a natural rubber of Quality NK. Curves A, B and C are measured at 
50, 100, and 110% of maximum extension; figures indicate time elapsed in minutes. 


LAnge: length; Tiefe: depth. 


but changed the compounds. Curves A and D were determined for two com- 
pounds of natural rubber (NK), curve V for Vulkollan (a trademark for elasto- 
mers based on polyester isocyanate addition). The measurements show that 
the position of the limiting curve is also strongly dependent on the compound. 

We wish to summarize these results as follows : In the course of the stressing, 
a ratio of length of tear to depth of tear is set up that is represented by the 
limiting curve. However, the position of the limiting curve on the length- 
depth plot depends on the magnitude of the stress and the compound"*. 


V. RATE OF TEAR 


All our previous investigations were aimed at being able to make binding 
statements on the growth of tear. In Figure 7 we gave a summary of a series 
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of measurements. The results of Figure 8, however, could not be explained by 
this. The problem was thus not yet solved. Yet, the investigations described 
in Section IV have explained the relationship of length and depth of tear. 
There is a limiting curve, dependent on material and stress, into which all our 
curves in the length-depth diagram run, without regard to the initial measure- 
ments. In order to get away from the initial dimensions of a tear, one must 
always try, in evaluating these factors, to stay in the neighborhood of the limit- 
ing curve. 

The question now arises as to what quantity is suitable for the classification 
of a compound according to its tear behavior. If we look at Figure 7 again, we 
see that, with varying extension, the slope of the curves in the length-time and 
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Fic. 13.—Limiting curves at 50% extension. A and D measured for natural rubber, V for 
Vulkollan—lLange: length; Tiefe: depth 


depth-time diagram changes. The slope obviously offers the correct quantity. 
It has the dimension length/time, i.e., that of velocity. Let us introduce the 
designation rate of tear for this, and—in order to use convenient numbers—let us 
measure iting/min. The rate of tear is a very clear quantity. At higher rate 
values, a tear grows more quickly than at low ones. 

The rate of tear as a measure for the cut growth (tear propagation) must be 
determined close to the appropriate limiting curve, as we explained at the begin- 
ning of this paragraph. But a further factor involved here must be considered. 
Even on the limiting curve, the rate of tear is not constant. Instead, the rate 
generally increases with increasing length of tear (and also with depth), as can 
be seen from the times given in Figures 12 and 13. We must, therefore, con- 
sider two things in the evaluation of the material. First, only measurements 
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near to the limiting curve appropriate to the material and the stress may be 
used. Secondly, the length of the tear at which the rate of tear is calculated 
must always be indicated. 

The introduction of the rate of tear puts us in the position to compare 
different materials under variable stress. Such a comparison is given in Figures 
14a and b. Here the individual values were obtained, as has already been 
mentioned, from the slopes of the curves (that is, through differentiation) in the 
length-time and depth-time diagram (e.g., Figures 6,7, and 8). In Figure 14b 
it seemed more suitable to show the rate of tear, not as dependent on the depth 
of tear, but as dependent on the length of tear. The letters and indexes are 
explained in the caption. We had to use a logarithmic scale for the ordinates in 
order to be able to present a large range clearly. The great difference between 
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Fic. 14, a and b.--Kate of tear in relation to length of tear. A and B measured for natural rubber 
V for Vulkollan; indices 1, 2 and 3 indicate 50, 100, and 125° of maximum extension. Glossary Reins 
geschwindigkeit: rate of tear; Lange: length; Tiefe: depth 


natural rubber and Vulkollan in the figure is striking. The rate of tear for the 
Vulkollan (V) investigated here is greater by one or two orders of magnitude, 
depending on the extension, than for natural rubber (A, B)!’, 

It would now be rewarding to know the relationship of the rate of tear to the 
extension, Exact knowledge of such a relationship, of course, requires very 
many measurements. First of all, investigations with small extensions are very 
time-consuming. Thus forthe measurement of the natural-rubber compoundA, 
for example, at 50 per cent extension (A,), about 14 hours of running time was 
necessary (see Curve A, Figures 12 and 13). This could, of course, be shortened 
by increasing the speed of the machine and by changing the temperature of the 
test. These points will be taken up again in Section VII, 

In Figure 15 we merely wish to indicate how the rate of tear depends on the 
stress. From Figure 13 we take the rates at extensions of 50, 100, and 125 per 
cent for compound A of natural rubber with a length of tear of 6.5mm. Natu- 
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Pia. 15.—HKelationship of rate of tear and extension in natural rubber of Quality A. Length of tear 


6.5 mm. L: rate of tear for length; T: rate of tear for depth. Glossary~~-Reisageschwindigkeit: rate of tear; 
Dehnung: extension 


rally, the curve in Figure 15 must also pass through the zero point. From the 
position of these four points we can see that the rates of tear (for length and 
depth) increase slowly at first, and then very quickly with increasing extension. 
This result, found here for a special type of natural-rubber compound, is prob- 
ably generally valid. In the use of elastomers, therefore, an effort should be 
made, if possible, to keep the extensions small. 

We return to Figure 14. There the great difference between the curves 
designated by V (Vulkollan) and A, B (natural rubber) is striking. In order to 
investigate this further, we cut through our test-pieces perpendicular to the 
plane of the tear. The photographs are reproduced in Figures 16a and b. 
Figure 16a shows the cut through a natural rubber test-piece. We recognize 
the effort of the tear to ramify (low rate of tear). The picture of a Vulkollan 
test-piece in Figure 16b is quite different. Here a smooth tear (high rate of 
tear) goes right through the piece without any ramification. Certainly the 
nature of the fillers and the degree of cross-linking in the high polymer determine 
the course of the tear. Both photographs indicate that the magnitude of the 
rate of tear in various materials is decisively influenced by their structure. 


bia. 16, and b.—Photographs of stressed ost-picnas cut through perpendicularly to the plane of the tear. 
a shows an NK test-piece; ba Julkollan test-piece (magnification 10 x) 
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100%e 125 %e Oennung 


Fig. 17, a-e.—-The gaping of a tear (width of tear) with increasing extension. 
Glossary—Dehnung : extension 


With the introduction of the rate of tear as a characteristic quantity, we 
have already reached one definite goal. Now in the following sections we shall 
report a few more observations that seem noteworthy to us. 


VI. WIDTH OF THE TEAR 


In the foregoing sections we have reported in detail the behavior of length 
and depth of tear. Taken precisely, however, a tear is a three-dimensional 
problem. One can only speak of a measurable width of tear when the damaged 
piece is extended (the tear gapes). Figures 17a-e show such a test-piece that 
was elongated up to 125 per cent. The proportions are also shown graphically 
in Figure 18. With small extensions the width is smaller than the length, at 
about 75 per cent it becomes equal in size (circular shape), and with even longer 
extensions exceeds the length. Besides, in Figure 18 the depth of the tear is 
noted, which, just like the length, decreases with the extension. 

Here the depth was determined with a probe (see Section VIII), a departure 
from our usual procedure. 

A knowledge of the width of the tear does not contribute anything new for 
the investigations within the framework of the research here reported. It is 
necessary to know it, however, if calculations of the forces appearing at indi- 
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. 1 Length, depth, and width of the tear photographed in Figure 17 in relationship to the extension. 
slossary —Breite: breadth; Lange: length; Tiefe: depth; Dehnung: extension. 
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vidual points on the tear are set up on the basis of the geometric relationships. 
Furthermore, one could always give the width instead of the length or depth of 
the tear, since these three magnitudes are dependent on each other. 


VII. OBBERVATIONS AND REMARKS ON THE DIRECTION OF TEAR, 
TEMPERATURE, FREQUENCY AND TENSILE STRESS 


In all the cases discussed thus far, an initial cut was made perpendicular to 
the direction of the tension (i.e., L). Then we observed the continuation of such 
atear. Departing from this, an experiment is represented in Figure 19a and b, 
in which a tear parallel (11) to the direction of the tension is also observed. The 
great difference in the tear propagation of both test-pieces can be seen from the 


150 
Zeit 


50 100 150 
© Zeit 


19, and b.-~Tear perpendicular (4) and parallel (11) to the direction of tension 
Glossary —-LAnge: length; Tiefe: depth; Zeit: time. 


figure. At 100 per cent extension the length grows only imperceptibly within 
the period of observations, and the depth not at all, if the tear lies parallel to the 
direction of the tension. In tears that have various angles of inclination to the 
direction of stress, the one that lies perpendicularly'® will, therefore, grow most 
quickly. The finding that, in the usual bending tear tests (no initial tear), the 
tears always appear perpendicular to the direction of the stress agrees with this. 
In Section I we pointed out the fact that it can only be a question of the growth 
of microscopic or submicroscopic irregularities. 

With regard to the temperature of the tests, we only noted in the description 
of the experiments that all the experiments were carried out at room tempera- 
ture. Naturally, the temperature of the environment of the test-piece is meant 
by this. There are various studies that report on the growth in relationship to 
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TEMPERATURES IN THE INTERIOR OF ‘TesT-Pieces 
UNDER DYNAMIC Srress 


Temperature (° C) 
at thickness of test-piece 
Extension *- - 
6 mm 9 mm. 


25 
100 
110 


125 


the temperature of the environment'*. For the time being we have not carried 
out such experiments. However, we want to indicate the temperature (at 
equilibrium) that occurs in the interior of the test-pieces under dynamic stress. 
It is obvious that the temperature in the interior of the test-pieces rises with 
increasing extension. The values, measured with a thermocouple, can be seen 
from the table. 

In addition to the increase in temperature with increasing extension, a com- 
parison of the second and third columns of the table shows that a higher tem- 
perature develops with a 9 mm. thick test-piece than with a piece 6 mm. thick. 
This result is easy to understand. With the 9 mm. sample, more heat is pro- 
duced as a result of the 50 per cent greater volume. Since, with a 50 per cent 
increase of the thickness of the test-piece, the surface is enlarged only incon- 
sequentially, radiation remains almost unchanged. We have found no state- 
ment of the temperature in the interior of the test-pieces in earlier studies. It 
seems important to us, however, to point out that the temperature of the en- 
vironment and the temperature of the interior of the test-piece are determining 
factors for the growth of the tear (thus for the rate of tear). Both together 
would give us the temperature in the immediate environment of the tear, but 
this temperature can be exactly measured only with difficulty. 

All our measurements were carried out at a frequency of 4 cycles per second. 
It would naturally be desirable to reexamine what effects the frequency of the 
machine had on the results of measurement. We can hardly believe that such 
an effect does not exist®. According to our measurements of the temperature 
in the interior of the test-piece, as reported here, the conclusion would have to 


Fie, 20,—Cutting apparatus. knife; Probe: test-piece, Tisch: table 
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be reached that an increase of the frequency produces an increase of the tem- 


perature and, with it, a change in the rate of tear. 


Until now we have always spoken only of the extension to which the test- 
That was because the extension can be measured with 


pieces were subjected. 
Perhaps it would be more satisfactory to indi- 


particular ease and precision. 
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Pie. 21, a and b.—Length and depth of tear in relationship to period of stress 
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Fira. 21 «.—-Length-depth diagram. 
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Fie. 21, d and e.—Rate of tear in relationship to length of tear. Glossary-—-LAnge: length; Tiefe: depth 
Zeit: time; Reiaageschwindigkeit: rate of tear. 


Fic, 21 a-e.—Summary of the five curves required for the evaluation of tear, 
shown for Vulkollan. 


cate, instead, the tensile stress used. Unfortunately the determination of the 
tensile stress is not a very simple matter. If an elastomeric test-piece is ex- 
tended, the force required for the extension changes in the course of the period 
of observation. Here relaxation processes are involved. For this reason we 
should like to omit giving the EZ modulus, which can be determined from the 
tensile stress and extension, although we have always carefully measured force 
and cross-section of the test-piece (even in the stressed state). 


VIII. DETAILS FOR CARRYING OUT THE TEAR TEST 


As a supplement to what has been said in the above sections, we now wish to 
make a few more statements on the testing process. 

There are many studies on the influence of the form of the knife or needle” 
The following can be said in this connection. Figure 9 shows photographs of 
various cuts. Under close observation, the smooth surface of the cut contrasts 
clearly with the rough surface of the break (due to tear propagation) in every 
cut. A transition takes place from the stage indicated by the initial tear to the 
region of the granular surface of the break. These surfaces of the break grow in 
the form of semi-ellipses. Their further growth then no longer depends on the 
initial damage. 

We were able to make these findings from the observation of the section of 
the tears. We have, however, also provided the initial cut with the arrange- 
ment sketched in Figure 20. Here the test-piece is clamped to a table that can 
be run under the knife. The damage can now be caused quickly and with 
specific definition. Even with this apparatus the same values for the rate of 
tear were found as with the apparatus described in Figure 2. 

As we stated in Section II, the dimensions of the clamped piece were 80 
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25 ~¥6 mm. We have naturally investigated other sizes for the same free 
length of specimen between the clamps. The aim must be to choose the di- 
mensions so that the rate of tear will be independent of the form of the test 
piece. This condition is certainly fulfilled if the length of the tear formed is 
small, compared with the specimen width and the depth is small compared with 
ite thickness. Our investigations show that an increase in the width of the 
test-piece from 25 to 45 mm. does not entail any change of the rate of tear. In 
the cases observed by us (the length of the tear was observed only to 9 mm. at 
the most), a width of 25 mm. is sufficient. It is more difficult to make state- 
ments about the proper thickness of the test-piece. Since we have shown 
depths of tear of up to about 3 mm., one would assume that a change of the 
thickness of the test-piece from 6 to 9 mm. causes a reduction of the rate of 
tear. A glance at the table shown above, however, shows that an increase of 
the thickness of the test-piece leads to an increase of temperature. In general, 
an increase of temperature in natural rubber involves an increase of the growth 
of the tear”. Thus our measurements of the 9 mm.-thick tear piece show a 
higher rate of tear. It seems to us better to increase the thickness of the test- 
piece to9mm. If the tears are then allowed to become 3 mm. deep, only one- 
third of the total test-piece thickness is reached. 

In connection with Figure | we reported on the influence of the free length 
of the specimen between the clamps (6). In our experimental arrangement 
(Figure 4), the strip is clamped without any bend. Nevertheless, it is inevit- 
able, with the “plastic extension” in elastomers, that there should be an elonga- 
tion of the test-piece during the stressing. When the test-piece returns to the 
initial position, it shows a slight bend (as in Figure lb). We have investigated 
this influence more closely. For this purpose, one test-piece was removed and 
measured after 1 minute of testing, while the other remained in the machine for 
15 minutes before it was removed. For the same total consecutive time under 
the same conditions, a test-piece which has been frequently removed does 
indeed show a somewhat higher rate of tear (a small difference in the maximum 
extension). The influence on the result is not significant, however, and can be 
disregarded. 

For almost all the measurements discussed in the present study (with the 
exception of those given in Figure 18), the depth of the tear was determined 
with the microscope according to the method shown in Figure 3. This pro- 
cedure was very well suited for our test strips. It becomes difficult, however, 
when the depth of the tear has to be determined on the finished article, e.g., 
on the tire. In order to indicate the depth of tear for such applications too, 
we devised a “depth probe’. A dial gauge makes it possible to read off the 
travel of the probe (AB in Figure 3), which is under constant pressure from a 
spring. By blank measurements near the tear, the penetration of the probe 
into an undamaged neighboring surface is observed. This distance is deducted 
in the measurement. With this apparatus we were successful in obtaining very 
good agreement with the microscopic measurement. 

The growth of tear is certainly affected in some manner by the period of 
storage of the material. We have not investigated this relationship in detail. 
But in testing the natural-rubber samples, we began at least 48 hours after 
vulcanization. 

In conclusion, the testing procedure, as exemplified with three Vulkollan 
test-pieces of the same compound, is discussed*. In Figure 21, a and b, the 
length and depth of tear are measured in relation to the period of stress. 
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While two curves are close together, the one indicated by dots and dashes seems 
to exhibit a fundamental difference in behavior. This difference has been 
eliminated in the length-depth diagram (Figure 21c). From a length of 5 mm. 
and a depth of 1.3 mm., all curves behave very similarly, since they run into the 
limiting curve. It is now easy to see the cause of the different behavior: the 
initial length of the three tears was not equal. Figure 21, d and e, is then 
calculated by differentiation from the curves of Figure 21, a and b. It is 
expedient here to keep to the vicinity of the limiting curve from the beginning. 
We have now obtained the rate of tear as a suitable parameter for evaluating 
the continued growth of the tear in its dependence on the length (and also the 
depth according to Figure 21c). All three Vulkollan test-pieces agree very 
well in their rates of tear, as Figure 21, d and e, show. 


IX. PROSPECTS 


In the various sections of this paper we have reported on the behavior of tear 
as evidenced by our measurements, which are readily reproducible. The rate 
of tear was introduced as a suitable parameter for evaluation purposes. With 
this it becomes possible to undertake reliable routine tests™. 

The possibilities offered, however, are by no means exhausted .with the 
description of the test procedure. With the knowledge of a usable method of 
investigation, one will now be on the search for relationships. Relationships 
must exist between rate of tear and other magnitudes that can be determined 
for elastomers. 

Purely qualitative relationships have already been ascertained with ease 
Thus we are able to understand from the pictures shown in Figure 16 that the 
ramification of the tear caused by the structure of the high polymer must lead 
to a low rate of tear. A change of filler affects the results of measurement very 
strongly. For example, the position of limiting curves A and D in Figure 13 
and the rate of tear reflected by both curves is caused only by the variation of 
the nature of the filler in otherwise unchanged vulcanizates. 

But we would also like to arrive at quantitative conclusions. First of all, 
it is in order to search for a relationship between the rate of tear and the EF 
modulus. In Section 7 we have already discussed the difficulties in the way 
of an exact determination of the FE modulus. From our investigations to date, 
however, it is certain that the position of the limiting curve and the magnitude 
of the rate of tear depend on the E modulus. Exact statements are not yet in 
order. It must be the task of later investigations to produce information on 
such relationships. 
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INTRODUCTION 


As part of a series of experimental investigations designed to provide a 
critical evaluation of the Guth-James theory of rubber elasticity', a careful 
study of the behavior of two rubbers at low extensions was undertaken. The 
low extension region was chosen for this initial study because of the interesting 
behavior of rubbers in this region. As is well known, rubbers exhibit a thermo- 
elastic inversion in the vicinity of 5 to7 per cent extension. This phenomenon 
was first observed by Joule? in 1859, while engaged in measuring temperature 
changes accompanying the adiabatic stretching of rubber. Joule noted a slight 
cooling at low extensions, followed by a rise in temperature at higher extensions. 
These observations, along with the thermodynamic analysis of Kelvin’, indi- 
cated that, for rubber specimens held at constant extended lengths, the tem- 
perature coefficient of stress must be negative at low extensions and positive at 
higher extensions. The first direct observation of this change of sign of the 
temperature coefficient of stress was made by Meyer and Ferri‘ in 1935. This 
was confirmed by the experimental work of Anthony, Caston, and Guth®, and of 
Peterson, Anthony, and Guth* in 1942. Later experimental work by Wood 
and Roth’, Gee*, Treloar®, and others contributed much to the understanding of 
the physical behavior of rubbers. Wood and Roth investigated the effect of 
working at constant “extension ratio” rather than at constant length, on the 
stress-temperature relations of rubbers. Gee’s early work was concerned pri- 
marily with the attainment of better equilibrium conditions through the use of 
a swelling technique. Treloar investigated deviations from the theoretically 
predicted stress-strain curve at moderate to high extensions. 

All the stress-strain studies mentioned above lacked the precision necessary 
to test adequately the predictions of the Guth-James theory in the region of 
low extensions. Accordingly, the present study was undertaken for the specific 
purpose of testing the theory in this region. The rubbers selected for this study 
were Butyl (GR-I-18) and Paracril-35. Butyl was chosen because of its rela- 
tive stability to oxidation in comparison with more highly unsaturated poly- 
mers. The GR-I-18 used in this work is an isobutylene-isoprene copolymer 
having a mole-per cent unsaturation of 1.38. For purposes of comparison and 
contrast, a second rubber having relatively strong intermolecular forces and a 
fairly high second-order transition temperature was desired. Paracril-35, a 
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copolymer of butadiene and acrylonitrile containing about 35 per cent of the 
latter, was selected for this purpose. Extensions were limited to the range 0 to 
10 per cent for the Butyl rubber, and 0 to 15 per cent for the Paracril rubber. 
The temperature ranges covered were from —40° to +40° C for the Butyl 
rubber, and from —20° to +60° C for the Paracril rubber. 


THEORY 


The Guth-James theory’ gives the following expression for the stress as a 
function of the extension, the temperature, and the pressure: 


(1) 


Z= KT - 


V(LTP) 


Here, Z = F/Ao is the nominal stress, L = 1/lo is the relative length, and 
V = v/vo is the relative volume. The quantities Ao, lo, and v9 are, respectively, 
the cross-sectional area, the length, and the volume of the unstrained specimen 
at the reference temperature 7». The quantities F, l, and v are, respectively, 
the tension force, the length, and the volume of the strained specimen at the 
test temperature, T. P is equal to the hydrostatic pressure of any fluid me- 
dium surrounding the specimen, and K is a constant assumed to be independent 
of both temperature and extension. The factor K, which according to the 
theory is related to the number of cross-links per cubic centimeter of the rubber, 
plays the role of an adjustable constant in fitting the theoretical stress-strain 
curve to its experimental counterpart. 

The definitions of Z, L, and V given above are equivalent to normalizing the 
initial sample dimensions to those of a l-cm. cube at T = 7, Hence, we may 
also consider Z to be the total stretching force, and L the actual stretched length 
in centimeters, for such a model. This interpretation is convenient in the ap- 
plication of thermodynamics to the problem of rubber elasticity. When it is 
employed, the fundamental quantity of rubber to be considered in thermo- 
dynamic equations is then 1 ec., and not 1 gram. 

For purposes of resolving the Guth-James force expression or the experimen- 
tal stress-strain curves into their entropy and internal energy components, the 
following thermodynamic considerations are useful. Assuming that an equa- 
tion of state exists for rubber, and that satisfactory equilibrium conditions have 
been achieved, the combined first and second laws of thermodynamics state: 


dU’ = TdS — PdV + ZdL (2) 
for the case of unilateral extension. Here U is the internal energy, and S is the 


entropy. Employing the Gibbs function G = H — TS, where H = U + PV 
is the enthalpy, the following stress relation may be deduced: 


(57). sp OL / re 


With the aid of an appropriate Maxwell relation, Equation (3) may also be 


written in the form: 
Z 7 ’ ( aL (3 
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It is convenient to refer to the first term on the right of Equations (3) and 
(3) as the entropy component Z x of the total stress Z and to the second term as 


the enthalpy component Zy. Thus: 
OZ 
( oT 


as 
OH ‘ 
Za = (5) 
The application of Equations (4) and (5) to the theoretical model represented 
by Equation (1) yields: 


\ oT 


(35) 


The factor (0V/0T) _p appearing in Equations (6) and (7) is equal to azp, 
where ayp denotes the volume coefficient of thermal expansion of the rubber 
model, subject to the restrictions of constant length and pressure. For rea! 
rubbers the coefficient ap should be practically indistinguishable from the 
ordinary coefficient a measured without the restriction of constant length. 
Evidence that a is nearly independent of extension, for extensions ranging up to 
200 per cent, is supplied by the data of Copeland”. Accordingly, the same 
behavior is ascribed to the model, and azp is replaced bya. Further, Poisson’s 
ratio for real rubbers is almost exactly 4, the dependence of V on L and P being 
practically negligible in comparison with its dependence upon 7. Hence, 
V (LTP) is replaced by [1 + a(T — To) ]in Equation (6). Equations (6) and 
(7) thus become: 
Ze = KT - To) am 
1 +a(2T — 75) 


(8) 


and 


(9) 


To within the same approximation the original stress, Equation (1), may 
now be written: 


(10) 


Z=2Z53+Z2n = KT - 


1 +a(T — T») 


Equations (8)—(10) are approximate expressions which correspond to the 
Equations (6), (7), and (1), respectively. They are also exactly the equations 
which one obtains for the incompressible analog of the original model, i.e., when 
Poisson’s ratio is taken to be exactly one-half. We shall employ Equations 
(8), (9), and (10) for comparison with experimental! results. They are of addi- 


i 
Zs=KTiL (6) 
LP 
and 
|_| 
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tional interest in that they predict two effects which had not been observed in 
earlier, less precise, experimental work". First, Equation (10) predicts a non- 
linear dependence of Z upon T,, at constant specimen length. Second, Equa- 
tion (8) predicts that the thermoelastic inversion extension, i.e., the extension 
for which Z,g = 0), should depend on temperature and, in fact, should increase 
with increasing temperature, thus: 


Liny = (1 + a(2T — To)}'. (11) 


One final point should be noted before proceeding to the experimental part 
of the work. For a real rubber at atmospheric pressure the enthalpy contribu- 
tion to the stress, as given by Equation (5), is indistinguishable from an internal 
energy contribution”. Thus for all intents and purposes we have Zy ~™ Zp, or 


au 

) ~ (12) 
OL TP aL TP 

EXPERIMENTAL METHOD 


The stress relaxation method was selected for obtaining the required equilib- 
rium stress-strain curves. In this method the sample is first extended to a 
relative length L at the reference temperature 7'y, this temperature being the 
highest temperature to be used in the experiment. The sample is then held at 
constant length and at temperature 7’, until the time rate of decay of stress 
becomes negligibly small, i.e., so small that it can have no appreciable influence 
on the following stress-temperature run. In the work reported here, the time 
allotted for this initial relaxation process was usually about 12 to 15 hours. 
After this stage the temperature is lowered in steps, the length of the specimen 
still being held constant, and the stress Z is determined at each new temperature 
after thermal equilibrium has been attained. This procedure is continued 
until the lowest temperature desired has been reached. Although it is not 
essential, the temperature may then be raised in steps, and the identical proce- 
dure employed for increasing temperatures. Comparison of these data with 
those obtained for decreasing temperatures affords an excellent check on the 
degree of reversibility achieved, i.e., on the extent to which undesired time 
effects have been suppressed. This complete procedure was followed in obtain- 
ing all of the results reported here. 

By repeating the procedure just described for a series of samples, each sample 
being stretched to a different extended length, a family of equilibrium stress- 
temperature curves is obtained. Cross-plotting these for various constant 
values of the temperature yields the equilibrium stress-strain curves. 

The apparatus employed for obtaining the stress-temperature data is shown 
schematically in Figure 1. The desired temperature within the cylindrical air 
bath was secured by adjustment of the temperature and rate of flow of the liquid 
(ethyl! aleohol) circulating between the double brass walls of the thermal in- 
closure. ‘Temperatures were measured with «a copper-constantan thermo- 
couple placed near the center of the sample, and were recorded continuously. 
Dry air (H,SO,-dried) was brought to the required temperature and introduced 
into the test chamber through the inlet at the base. This provided good mixing 
in the test chamber, and also prevented the formation of frost around the fused 
silica rod during low temperature operation. When the system was properly 
adjusted, temperatures within the air bath could be held constant to within 
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0.1° C over the complete 80° C temperature range. It was found necessary to 
include the aluminum strip in order to compensate for changes in length of the 
supporting iron framework (not shown), which resulted from small changes in 
room temperature. A Statham strain gauge was used as a null detector, the 
gauge output being fed to a Brown Electronik recorder. The gauge could be 
driven up or down by means of the micrometer screw whenever the sample 
length was to be changed for a new run. During a given run, the gauge was 
held at a fixed position. When necessary, changes of force detected by it were 
compensated by changing the weights W in the scale pan suspended from one 
side of the equal arm beam balance. With a gauge input of 2.4 volts, obtained 
from a storage battery, a gauge deflection of | mil resulted in an output change 
of 0.32 millivolts. For the 0 to 3 millivolt Brown Recorder employed, this 
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hia. 1.—-Sechematie diagram showing main features of apparatus 


corresponded to a deflection of 32 chart divisions. For the same gauge input, 
the load sensitivity was about 5.8 chart divisions per gram. Brown chart 
deflections as small as one-half division were easily detectable. 

In order to maintain sample lengths constant and independent of tempera- 
ture, it was necessary that the clamp spacing should remain constant for con- 
stant strain gauge output. Conversely, changes in the strain gauge output 
should accurately reflect changes of the clamp spacing and not be the result of 
expansions or contractions of some other part of the apparatus. To secure this 
condition, the inner brass cylinder is threaded at its top end and passes through 
a threaded cap, which can be firmly fixed to the top of the chamber by bolts and 
wing nuts. This cylinder is slotted to provide for good air circulation, and has 
the lower specimen clamp attached to its base. By trial and error the immer- 
sion depth of the cylinder was varied until its thermal changes almost exactly 
compensated those due to the double-walled cylinder, the porcelain insulators, 
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the clamps, ete. This was done by comparing the thermal expansion of a 4.31- 
inch strip of copper, mounted between the clamps, with the value to be expected 
from data reported in the literature’. As finally adjusted, agreement to within 
3 per cent was obtained over a 90° C temperature range. This represented a 
discrepancy of only 2 * 10~¢ inch from the predicted thermal expansion, and 
was well within the limits of precision set by the dial-and-screw measuring de- 
vice. Thus, for rubber samples of lengths 4 inches or greater, extended lengths 
could be held constant and independent of temperature to better than 0.01 per 
cent. A second and indirect test of the final adjustment was the use of the 
apparatus to measure the thermal expansion coefficient of Buty! rubber at zero 
stress. The linear expansion coefficient obtained was 1.894 « 10~*/° C, giving 


678, 


20 0 20 
TEMPERATURE IN °C 


Fic. 2.—-Stress-temperature behavior of GR-1-18 for three selected 
values of percentage extension 


a volume coefficient of 5.68 * 10°4/° C. This value compares very favorably 
with that reported by Bekkedahl", namely, 5.67 * 10~4/° C for unvuleanized 
Butyl, measured with a volume dilatometer. Similar measurements for the 
Paracril-35 rubber gave a value of 6.65 * 10°*/° C for its volume coefficient of 
thermal expansion, 

The rubber specimens used in this study were died out of standard 6-inch 
square tensile sheets. The specimen shape was that of a square-headed dumb- 
bell, previous tests having shown that this type of sample gave excellent cor- 
relation between percentage extensions computed from clamp separations and 
those computed from separation of dots placed on the central part of the speci- 
men, The average dimensions of the neck of the specimen when unstrained 
were 4 by 0.25 by 0.075 inch. 
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The rubbers had the following compositions and cures (amounts given in 
parts by weight): 


Buty! rubber Paracril rubber 


GR-I-18 Paracril-35 
Zine oxide Zine oxide 
Sulfur Stearic acid 
Tetramethylthiuram disulfide Sulfur 

Benzothiazoly! disulfide 
Cured 75 minutes at 300° F Cured 80 minutes at 287° F 


RESULTS 
Figure 2 shows the dependence of stress on temperature observed for the 


Butyl rubber at three different values of the percentage extension. [The 
percentage extension, as used in this paper, is defined as 100(L-1).] Both 
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hia. 3. Family of stress-temperature curves for GH-1L-18 


effects predicted by the theory are confirmed by the curves shown here; the 
dependence of stress on temperature is decidedly nonlinear, and the thermo- 
elastic inversion temperature is shifted to higher values at higher extensions. 
Note the shift of the peak to the right as the extension is increased. This is 
the first time either of these two effects have been observed with certainty in 
this laboratory. Appreciable deviations from linearity were not apparent in 
earlier stress-tem perature data", owing both to a lack of sufficient precision in 
the measurements, and probably also to our failure to maintain extended lengths 
sufficiently constant during the stress-temperature runs. Curves similar to 
those shown in Figure 2 were observed also for the Paraeril rubber. The com- 
plete set of stress-temperature curves is shown in Figure 3 for the Butyl rubber, 
and in Figure 4 for the Paracril rubber. In order to cover the full range of 
extensions for each rubber in a single figure, the stress scales used in Figures 3 
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4. Family of strese-temperature curves for Paracril-35. 
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and 4 have been considerably reduced over that employed in Figure 2, with the 
result that deviations from linearity are now scarcely perceptible. 

To evaluate the constant K appearing in the Guth-James theory, the ‘true 
stress’ was plotted as a function of extension, at the reference temperature 7’, 
for each rubber. The required values of Z and L were obtained from the 
curves of Figures 3 and 4 by cross-plotting. The true stress is defined as the 
tension force divided by the actual cross-sectional! area (not the unstrained cross- 
sectional area). Making the assumption that Poisson’s ratio is exactly 0.5 
here, the true stress is then simply equal to the product of the nominal stress Z 
by the relative length L. This method of plotting yields a linear stress-strain 
curve at low extensions, as shown in Figure 5. This enables a good determina- 
tion of Young’s modulus, EH», to be made in the limit of L = 1 and T = 7'o. 


GR-1-16 
GUTH JAMES 
— EXPERIMENT 


EXTENSION IN %& 


kia. 6.-—Theory vs. experiment for GR-1-18 at 40° C, showing the total stress Z, the enthalpy 
component Zu & Zu, and the entropy component Z, as functions of the percentage extension 


The values of Eo obtained from the curves in Figure 5 were 9.96 * 10° g. per 
sq. em. at 40° C for Butyl rubber, and 20.4 « 10° g. per sq. cm. at 60° C for 
Paracril rubber. These values of Lo were then equated to the theoretical ex- 
pression, 3K 7'o, obtained from Equation 10 by differentiating with respect to L 
and putting L = 1 and T = Ty. The values of K so obtained were 10.6 and 
20.4 g. per sq.cem. X ° K for the Butyl and Paracril rubbers, respectively. All 
fitting of theory to experiment in this work was confined to the valuation of K, 
as just described. 

The equilibrium stress-strain curves were obtained from the stress-tem pera- 
ture curves of Figures 3 and 4 by cross-plotting at various fixed values of the 
temperature. The experimental entropy components were obtained by 
evaluating the point slope, (07/07), p, as a function of temperature for each of 
the stress-temperature curves. The entropy component of the stress Zg = 
T(0Z/dT) Lp was then plotted as a function of temperature in order to achieve 
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some smoothing. The resulting curves were cross-plotted at various fixed 
values of the temperature to determine the dependence of Zs on L. Subtrac- 
tion of each Zs vs. L curve from the corresponding stress-strain curve then gave 
the dependence of Zy Zy on L. 

Figure 6 shows the stress-strain curve obtained for Butyl rubber at T = To 
— 40° C, with its entropy and enthalpy components. The solid lines are the 
experimental curves; the corresponding curves predicted by the Guth-James 
theory are shown by dashed lines. Figure 7 presents the same information for 
the Paracril rubber, at the reference temperature Ty, = 60° C. In general, 
Figures 6 and 7 indicate good agreement between the theoretically predicted 
values of Z, Zs, and Zy, and their experimental counterparts. For each rubber, 
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Kia. 7.--Theory vs, experiment for Paracril-35 at 60° C, showing the total stress Z, the enthalpy component 
Zu ™ Zu, and the entropy component Z, as functions of the percentage extension. 


however, the theoretical stress-strain curve tends to deviate above the experi- 
mental curve at the high extension end. The discrepancies observed in Figure 
6 between the theoretical and experimental values of Zs, and Zy ™ Zy, are 
partly the result of experimental error. If the experimental] data are internally 
consistent, then, for the method of fitting described above, the theoretical and 
experimental values of Zg and Zy ™ Zy must agree at L = 1 and T = T%. 
This conclusion follows immediately from the fact that for both theory and 
experiment we must have Ey = — 3Zs/aT> = — 3/a(0Z/O0T) ip, at L = 1 and 
T = To. Young's modulus computed from this relation should agree with the 
value determined from the stress-strain curve at the origin. In this instance, 
the value of EZ», computed from the experimentally determined value of Zg at 
L = 1 and T = To, is 10.4 10° g. per sq. cm. whereas the value obtained 
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from the experimental stress-strain curve was 9.96 10° g. per sq. cm. This 
error, about 4 per cent, probably results from uncertainties in the determination 
of the point slopes from the experimental stress-temperature curves. 
Comparisons between theory and experiment, similar to those shown in 
Figures 6 and 7, were also made at several lower temperatures. The same 
values of K employed earlier were used in these comparisons, since K is assumed 
to be independent of temperature. Experimental strain values for zero stress 
were computed with the aid of the linear coefficients of thermal expansion. In 
each case the theoretical stress-strain curve agreed well with its experimental 
counterpart, but tended to deviate above the experimental curve at the high 
extension end. The theoretical entropy and internal energy components 
showed somewhat stronger deviations from the experimental curves. This was 
particularly true for the Paracril rubber at low extensions and temperatures. 
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Fia, 8.—Theory vs. observed temperature dependence of stress. 


In order to eliminate the influence of uncertainties arising from the evalu- 
ation of point slopes, direct comparisons were also made between the theoretical! 
and experimental stress-temperature curves. Figure & shows such a compari- 
son for two Butyl! curves and two Paracril curves. It appears from Figure S 
that the temperature dependence of the stress predicted by the theory is a little 
too strong. If the curves were accurately fitted at the high temperature ends, 
then the theoretically predicted stress values would be too small at the lower 
temperatures. 

Finally, in Figure 9 the observed dependence of the thermoelastic inversion 
extension on temperature is compared with that predicted by the Guth-James 
theory for the two rubbers. For the Buty! rubber the theoretically predicted 
values of the thermoelastic inversion extension appear to be somewhat low. 
About half of this discrepancy, however, can be ascribed to the previously noted 
small inconsistency in the Butyl rubber data. The agreement is very good for 
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hia. 9.--Dependence of the thermoelastic inversion extension on temperature 


the Paracril rubber down to temperatures in the vicinity of +20°C. At lower 
temperatures the observed thermoelastic inversion extension deviates sharply 
upward from the predicted values. 


ERRORS 


The absolute errors in Z, L, Zs, and Zu, are difficult to estimate, and no 
attempt has been made to show them on the graphs. They involve such factors 
as nonuniformity in specimen thickness, with consequent variations in cross- 
sectional areas and uncertainties in the stress values based on these areas. 
Difficulties are experienced in determining the exact value of the specimen 
length, corresponding to an unstrained condition, when the specimen is mounted 
in the clamps. This in turn leads to errors in the relative lengths or percentage 
extensions. In addition, there is the well-known variation in physical proper- 
ties encountered in going from one rubber specimen to another, even when both 
specimens are died out of the same tensile sheet. These errors, taken collec- 
tively, are best illustrated by the scatter of the experimental points about the 
true stress-strain curves of Figure 5. 

Percentage extensions are believed to be reliable to better than 0.2 per cent 
extension, and stress values to better than 0.5 per cent. The values of Zs and 
Zu are probably reliable to no better than 5 per cent, since their determination 
involves the evaluation of point slopes from the experimental stress-tempera- 
ture curves. 


CONCLUSION 
The results of this study may be summarized as follows: 


(1) The agreement observed between theory and experiment is remarkably 
good in this region of low extensions—almost to within the estimated experi- 
mental errors. 

(2) The predicted nonlinear dependence of stress on temperature is con- 
firmed by the experimental data. 

(3) In agreement with the Guth-James theory, the thermoelastic inversion 
extension is found to be a function of temperature, and is observed to increase 
with increasing temperature. 
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(4) Small deviations from the predicted dependence of the stress on tem- 
perature are observed. These appear to increase in magnitude with decreasing 
temperature, and are strongest for the Paracril rubber at low extensions and 
temperatures. It seems probable that these deviations are the result of inter- 
molecular forces not specifically included in the theory. That the deviations 
should be stronger for the Paracril-35 rubber is not at all surprising in view of 
the highly polar nature of the nitrile groups. At the higher temperatures em- 
ployed in the experiment, such forces may be neglected to a first approximation, 
because of the greater average distances between molecular groups ani the 
greater thermal kinetic energies. At lower temperatures, however, these forces 
are no longer negligible, and the molecules exhibit an increasing tendency to 
“lock-up” as the glassy region is approached. 

(5) Finally, an inspection of Figures 6 and 7 reveals a tendency for the 
theoretical stress-strain curve to lie above the experimental curve at the higher 
extensions. Recent studies indicate that this is a real deviation, and that it 
increases rapidly with increasing extension. Similar deviations at somewhat 
higher extensions have been noted by Treloar® and by Gumbrell, Mullins, and 
Rivlin'®. 
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STRESS RELAXATION IN RUBBER * 
I, EVALUATION OF ANTIOXIDANTS 


H. W. H. Ropinson anno H. A. VoppENn 


Monsanto Cuemicats, Lro., Ruason, Nowra Wares, Gaeat Barrain 


Study of stress relaxation in rubbers and other elastomers, at constant elon- 
gation, has received much attention. The relaxation of stress in an elastomer 
can oceur through viscoelastic flow in the material, or may arise from scission of 
the hydrocarbon chains supporting the stress. Simultaneously with the rupture 
of primary bonds, new secondary cross linkages may be formed, causing hard- 
ening of the material. A number of authors have discussed the significance of 
these effects, principally Tobolsky and his coworkers’. 

During stress relaxation at elevated temperature under oxidation conditions, 
oxygen attack causes chain scission, thus causing degradation; the reversible 
viscoelastic effect is generally of short duration at these elevated temperatures. 
Tobolsky, Metz, and Mesrobian’ have discussed the relationship between stress 
relaxation and the number of primary bonds cut, and have determined the 
number of oxygen molecules absorbed per chain scission. Since degradation of 
the rubber is caused by chain scission, the stress relaxation should give a fairly 
direct measure of the degradative effect of the absorbed oxygen. If antioxidant 
chemicals are incorporated in the elastomer, then the relative rates of stress 
relaxation will indicate the relative efficiencies of the antioxidants. This will 
apply whether the antioxidant inhibits the absorption of oxygen or directs the 
absorbed oxygen into nonactive channels’. This method of evaluation has been 
suggested by Tobolsky, Prettyman, and Dillon‘, and has been applied to the 
comparison of antioxidant chemicals in GR-S stocks by Mesrobian and Tobol- 
sky® 

This article described the development of apparatus suitable for the investi- 
gation of stress relaxation in rubber, and show how the method can be applied 
to the evaluation of antioxidant chemicals. A number of stocks have been 
compared using this technique and the conventional air-oven and oxygen bomb 
tests, and it is suggested that more rapid and accurate estimates of the antioxi- 
dation efficiencies are possible with this than with conventional methods. 


APPARATUS 


The apparatus has been designed to measure the relaxation of stress in rub- 
ber samples held under constant elongation, at elevated temperatures, in air. 
In the apparatus, provision is made for six samples, each housed in a separate 
compartment, to be measured simultaneously ; the six stress-relaxation curves 
are recorded on 4 six-point chart recorder. The stress measurements are made 
electrically using resistance wire strain gauges. Bonded-type gauges were 
found to be unsatisfactory for this work and unbonded gauges were designed 
and constructed for the purpose. The design and construction of a suitable 

* Reprinted from Industrial and Engineering Chemistry, Vol. 47, No. 7, pages 1477-81 (Part 1) and pages 
1481-1486 (Part July 1955 
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gauge have been described*. The general layout of the apparatus is indicated 
in Figure 1. 

The six compartments which house the rubber samples are formed by the six 
vertical tubes, A (1 X 12 inch), which run through the tank, B. They are 
heated by circulating a heat exchange liquid from a well-thermostated reservoir. 
The tank, B, is coupled to the reservoir via flexible pipes and is free to slide 
vertically on the guide rods, C. These rods form part of a framework which 
supports the six strain gauges, D, which, in turn, carry thin connecting rods 
leading to the six steel pulleys which hold the rubber samples, 2. The lowe: 


Fie, 1.--General layout of apparatus 


ends of the rubber samples are held by six additional pulleys, mounted on stout 
rods, F, which can be positioned to give any desired extensions. During a test, 
tank B is raised so that the top pulleys are some 2 inches inside the tubes. 
When this is done, loose fitting disks cover the tops of the tubes. Tests have 
shown that the temperatures inside the tubes are uniform (+0.4° C) over the 
regions occupied by samples. Figure 2 is a general view of the apparatus from 
the front. 

The strain gauges, each of which consists of four elements of 15 strands of 
46 English standard wire gauge constantan wire, arranged as a Wheatstone 
bridge network, are designed to withstand a tension of about L.5kg. Complete 
‘details of construction and design have been published®. The gauges are ener- 
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gized with alternating current at 50 cycles per second. This is derived from a 
i-volt winding on a power transformer. The small out-of-balance potential 
difference across each bridge network is amplified before being fed to a recording 
potentiometer, The amplifying circuit is shown in Figure 3. The twin-valve 
balance circuit has been employed to minimize interference from power circuits ; 
this is advisable, since the power frequency is used for operation of the bridge 
networks. Negative feedback is introduced by the network C;, Ry, and Ry, to 
stabilize the gain. Each gauge is brought into circuit every 30 seconds by a 
bank of relays operated from a rotating switch synchronized to the six points of 


Fre. 2.——Apparatus. 


the recording potentiometer. The recorder is an Elliotronic recorder, and since 
it employs a low impedance magnetic amplifier as a preamplifier, the input to 
the recorder is connected across a low resistance, Ry (5 ohms), in series with the 
0 to | milliampere instrument meter, M, fitted to the output of the main ampli- 
fier. Full seale deflection on this meter corresponds to full seale input to the 
recorder. The bridge networks are balanced, when they are subject to zero load, 
by means of radio-type potentiometers, Rs, shown in Figure 3. All the electrical 
equipment, including the heaters and thermostat controls, is supplied via an 
electro-mechanical voltage stabilizer, which is stable to within 0.5 per cent. 
Preparation of samples.—The apparatus was designed to hold ring-shaped 
sample specimens about 50 mm. in diameter * 4 mm. thick and somewhat less 
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than | mm. in radial width. So that direct comparisons could be made with 
conventional tests, the samples were cut from the same test sheets. These test 
sheets were 4 mm. thick and, for conventional tests, rings with inner diameter 
of 44.6 mm. and radial width of 4 mm. were cut with a rotary cutter. By 
suitably modifying the clamping system, removing the inner blade, and displac- 
ing the outer blade | mm. outward, it was found possible to cut satisfactory ring 
samples from the material that remained after removal of the conventional test- 
specimens. The rubber samples were carefully prepared, and after preliminary 
experiments had indicated the necessity for standardization of the procedure, 
the technique of milling a large masterbatch of basic composition, to which the 
antioxidants and sulfur were added subsequently under well-controlled condi- 
tions, was adapted. This procedure led to improved reproducibility of results 
and enabled comparisons to be made between the various chemicals added to 
the masterbatch. 


EXPERIMENTAL 


A study has been made of the effects of various antioxidants on the stress 
relaxation in natural rubber at elevated temperatures. It is clear from funda- 
mental reasoning that if, as is generally postulated, the relaxation of stress at 
elevated temperatures is caused primarily by scission of the hydrocarbon chains 
by oxygen attacks, incorporation of antioxidants will reduce the rate of r*laxa- 
tion. The efficiency of the protective action of the antioxidant should, there- 
fore, be related to the rate of relaxation. 

Throughout the work described in this article the following base formulation 
was used. 


Pale crepe ; 
Precipitated barium sulfate (blanc fixe) 


Zine oxide 5 
Titanium dioxide 5 
Stearic acid 1 
Sulfur 2 
Tetramethylthiuram disulfide (Thiurad) 0.375 
Antioxidant 


Stocks were cured for 20 minutes at 126° C and molded to sheets 4 mm. thick. 
Rings of nominal 4- and 1l-mm. radial thicknesses were cut from these sheets 
and, until required, were stored in the dark at a temperature of O° C. The 
antioxidants studied were not chosen specifically for this investigation, but they 
were part of an applicational research program being carried out at the time in 
the technical service laboratory of Monsanto Chemicals, Ltd. From each 
masterbatch, about five different stocks were derived; each set of stocks con- 
tained a control, usually a stock with no antioxidant, a stock containing an 
antioxidant of known activity, and two or three containing experimental antioxi- 
dants. The l-mm. sample rings were used for stress relaxation measurements 
and the 4-mm. samples were subjected to air-oven and oxygen bomb aging. 
Tensile strength and 300 per cent modulus measurements were made after 0 and 
12 days aging in the air oven at 70° C and after 0 and 6 days aging in the bomb 
at 70° C under 300 pounds per square inch oxygen pressure’. 

The stress relaxation measurements were made at 100°, 110°, and 120° C, 
Normally, three samples from each stock were measured at each temperature. 
The thermostat temperature was adjusted to the appropriate value; time was 
allowed, in each case, for the temperature to reach equilibrium. With the 
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tank in its lowest position, the rubber samples were looped lightly over the 
pulleys. The tank was then raised so that the samples were enclosed in the 
heated tubes. Meanwhile, the recording potentiometer drive was started, 
thus initiating the appearance of the six “‘zero’’ traces. Any necessary adjust- 
ments to the zeros were made during this time. The samples were left in the 
unstrained positions for 10 minutes to ensure temperature equilibrium; the 
extension rods were then pulled down, and the catches automatically held them 
in their new positions. Throughout the investigation the extensions were ad- 
justed to 100 per cent. The stress vs. time curves for the samples were drawn 
automatically on the 10-inch-roll chart of the recording potentiometer. The 
absolute values of the stresses could have been found from calibrations of the 
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Via. 4.—Typieal! streas-relaxation curves 


strain gauges, but for this work such a calibration was unnecessary, since only 
relative measurements were required. It was verified that the recorder output 
was directly proportional to the force applied. 


RESULTS 


Initially, all chart records were transcribed onto logarithmic graph paper, 
in order to simplify the study of the form of the stress-relaxation curves. Typi- 
cal examples of such curves are shown in Figure 4. In nearly all cases the log 
stress vs. time plot showed a rapid initial drop followed by a less rapid linear 
portion. To a first approximation, therefore, it was assumed that the stress 
relaxations were exponential and could thus be characterized by a single 
parameter. The time taken for the stress to relax to half its initial value—the 
half life-—is a convenient parameter to use. The value of this can, of course, be 
taken directly from the recorder chart, and this procedure was adopted during 
many of the later measurements. 
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Fie. 5.—Comparison of antioxidants A, B, C, and D, with control stock. 


In Figure 5 are shown diagrammatically the half-life periods of a number of 
different stocks at a temperature of 110°C. These diagrams show how, in one 
masterbatch, the antioxidant efficiencies can be compared. The reproducibility 
is good and the discriminating power seems satisfactory. For comparison with 
the conventional evaluation methods, the stress-relaxation half lives have been 
plotted as ordinates with either percentage tension strength retained or percent- 
age modulus retained as abscissas. Figure 6 shows stress relaxation results at 
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Fic, 6,—Correlation of oven aging with stress relaxation 
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110° C plotted against percentage tensile strength retained after 12 days’ oven 
aging, while Figure 7 shows the stress-relaxation results plotted against the 
tensile strength retained after 6 days’ bomb aging. It has been shown mathe- 
matically that the points in Figure 6 indicate a (fair) degree of significance in 
the correlation between stress relaxation and oven aging tensile strength results. 
For air-oven modulus results the correlation is not so good, but shows a similar 
trend. For the oxygen-bomb results there is no correlation, but, at least for 
the series of compounds investigated, the bomb results do not exhibit the even 
grading range which is characteristic of the stress-relaxation method. 
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Fic. 7.—Correlation of bomb aging with stress relaxation. 


DISCUSSION 


Stress-relaxation measurements offer certain advantages in evaluating rub- 
ber antioxidants. Chief among these is the rapidity with which the measure- 
ments can be made. With apparatus similar to that described, stress-relaxa- 
tion data on six rubber stocks, with repeats, can be obtained within a day, com- 
pared with 12 days or more for the conventional method. Moreover, since the 
data for one stress-relaxation curve are derived on one sample, rather than as a 
series of points from measurements made on separate samples, as in the con- 
ventional method, the information is more reproducible and can be interpreted 
more easily. Another striking feature, apparent from the results of stress 
relaxation on rubbers containing a series of antioxidants, is the discriminating 
ability. From Figure 5 it is clear that the grading of antioxidants in order of 
protective efficiency is straightforward. 
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Although correlation with conventional testing is good, it would be unrea- 
sonable to expect perfect correlation, since the measurement of continuous stress 
relaxation is inherently different from the intermittent measurement of modu- 
lus or tensile strength. Fundamentally, if degradative oxygen attack led only 
to chain scission, which in turn is reflected in the relaxation of stress, then the 
degree of protection afforded by any antioxidant would be accurately measured 
by this method. Some complication, however, is introduced in practice when 
severe cross-linking occurs, since even if it is accepted that slight cross-linking 
has only a second-order effect on stress relaxation, a high degree of cross-linking 
introduced during the oxidation process would modify the stress relaxation 
considerably. Intermittent stress-strain measurements take into account the 
effects of cross-linking in either case and may, therefore, in the absence of 
further information, give a misleading idea of the protection afforded by an 
antioxidant, particularly if the additive catalyzes the formation of ecross-link- 
ages in the rubber. 


CONCLUSIONS 


While it is not possible to say that stress-relaxation measurements can 
completely replace more conventional methods for evaluation of rubber chemi- 
cals and, in particular, antioxidants, it is probable that the method will find 
increasing and useful application in research and development of such chemicals. 
For the rapid sereening of large numbers of compounds, it will be of great value. 
Furthermore, in conjunction with conventional modulus and tensile-strength 
measurements, the stress-relaxation characteristics will provide additional 
information to enable the relative importances of cross-linking and chain 
scission to be predicted. 


SUMMARY 


Conventional evaluation techniques for rubber antioxidants are very time 
consuming. A method of evaluation based on stress relaxation due to oxida- 
tion at elevated temperatures, and an apparatus developed for the study of this 
phenomenon in a large number of natural rubber stocks, are described in this 
article. Results are compared with those obtained using conventional air- 
oven and oxygen bomb aging tests. 

The apparatus is suitable for testing six rubber samples simultaneously, and 
uses unbonded resistance wire strain gauges for the measurement of stresses in 
the samples. The stress vs. time curves are recorded automatically on a roll 
chart recording potentiometer. It has been found that the curves approximate 
to exponential decay curves, and, as such, can be characterized by a single 
parameter—the half life. This parameter, used as a measure of antioxidant 
efficiency, can be correlated with the loss of tensile strength for samples aged in 
a conventional air oven. 

The use of the half-life period as a measure of antioxidant efficiency leads to 
a rapid and easily interpreted method of evaluation for antioxidants in natural 
rubber. Good reproducibility and discrimination are features of the method. 
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II]. SIMULTANEOUS OXYGEN ABSORPTION 


S. Baxter, P. D. Porrs, anp H. A. VoppEen 


Monsanto Cuemicars, Lrv., Ruasow, Norra Wares, Great Barrain 


The most important effect of oxygen on rubber is the alteration of its me- 
chanical properties which is brought about by a chain scission reaction, the 
mechanism of which is, at present, not clearly defined. Insome cases the mech- 
anism is further complicated by the fact that a cross-linking reaction—i.e., a 
continued vuleanization—may also take place simultaneously. It has been 
amply demonstrated by Tobolsky and coworkers! that the best way of studying 
these effects is by stress relaxation measurements of either a continuous or an 
intermittent nature. Perhaps the most pertinent point in the study of antioxi- 
dant protected stocks is the variability, with different antioxidants, of the 
quantity of oxygen required to bring about a given degradation in properties. 
It is therefore desirable, in order to obtain an understanding of the mechanism 
of protection, to study simultaneously a physically measurable quality of the 
rubber and its oxygen absorption. Throughout the work described in this 
article, the time taken for the stress in a sample to decay to half its value (the 
half life) is taken as a measure of the protective action of the incorporated 
antioxidant. 

A technique developed for the study of intermittent stress relaxation has 
been described previously’. In this method the sample was in the form of a 
circular disk of rubber, which was intermittently distorted by subjecting it to 
oxygen pressure. Later developments of this method enabled the modulus of 
the rubber, viz., the G parameter of the kinetic theory of elasticity, to be de- 
duced from the volume-pressure readings during distortion of the rubber. Un- 
fortunately, the permanent set which developed after a few cycles of this proce- 
dure rendered invalid the equations used to deduce the value of G. The 
difficulty of allowing for this effect considerably decreased the value of the 
method, and an apparatus was therefore developed in which the sample was 
distorted by a simple one-dimensional extension. The details of a new method 
of measuring stress relaxation and simultaneous oxygen absorption and the use 
of the method for a study of antioxidant protection are described in this article. 


APPARATUS 


The apparatus is shown diagrammatically in Figure 1. Essentially, it con- 
consists of two portions concerned with the measurement of stress and oxygen 
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absorption, respectively. The stress measurement section comprises the bel- 
lows, B;, contact, C;, manometer, M,, and electrolytic cell, Z;. The rubber 
sample, R, in the form of a band, 170 mm. in circumference, 4 mm. wide, and | 
mm. thick, is suspended between two hooks within a mild steel jacket around 


Fie. |.—Stress relaxation-oxygen aleorption apparatus. 


which hot liquid is circulated from an accurately controlled thermostated bath. 
During the experiment the position of the upper hook is rigidly fixed by clamp- 
ing tube Pat C. The lower hook is attached to the central plate of the bellows, 
B,, the top and bottom of which are rigidly fixed, and the plate will, therefore, 
respond to changes of stress in the rubber. When the sample is extended, the 
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central plate is raised and the contact, C;, is broken. This contact is insulated 
from the metal part of the bellows by the Tufnol plug, 7. The contact may 
now be remade by adjusting the pressure in V,, the portion of B, remote from 
the rubber—this is done through 7T,. The pressure difference required to 
balance the stress may be read directly in centimeters of mercury from the 
seale attached to the manometer, M,; this pressure difference is directly pro- 
portional to the stress. 

To eliminate variation due to atmospheric pressure fluctuations, the open 
side of the manometer is connected to the enclosure, V2, which is sufficiently 
large to maintain linearity of reading against stress. 

During the experiments, as the stress in the rubber decays, the contact, C,, 
is made. This activates a thyratron relay, which passes current in the cell, 


220% 


Electrical control circuit. 


= (jas-filled triodes 
= 60-watt lamp 

= 40-watt lamp 

= Electrolytic cell« 
= Stress contact 

Oxyyen contact 
=~ Metal rectifier 


E,, and the gas so generated increases the pressure in V, until the contact is 
rebroken, A continuous record of the stress in the sample is thus obtained by 
observing the manometer, M,. 

The oxygen absorption system is of the constant pressure type, and is 
essentially the same as that used in previous work?. The only modification is 
the introduction of a new type of control device, the bellows arrangement, Bo, 
which operates on a principle similar to that used for stress measurement. 
When oxygen is absorbed, the momentary pressure drop pulls the central plate 
of B, to the right and breaks the contact, C». This activates a thyratron relay, 
which passes current in the cell, £,, which forces liquid up the tube, M2, until 
the original pressure is restored and the contact, C2, is remade. The pressure 
is, therefore, kept at a constant value and the liquid rise in M; is a direct meas- 
ure of the oxygen absorbed and may be observed on the attached scale. 

The portion of the apparatus enclosed within the dotted lines of Figure 1 is 
contained within a thermostated box accurately controlled at a temperature of 
34° C, and in order to minimize the heat conducted from the hotter parts of the 
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apparatus to the box, cooling fins F are fitted to give a steep temperature 
gradient down the tube. The tube, P, is provided with a sliding gastight fit 
by the silicone rubber washer, SW,, which is supported by, and compressed 
between, two mild steel washers, W. This is, in effect, a silicone rubber piston 
ring, which is covered with mercury at M to complete the seal. 

The electrical circuit is shown in Figure 2. Parts V,; and V, are gas-filled 
triodes; V, is arranged to conduct when contact C, is close and V, conducts 
when C;is opened. Thelamps, L; and Lz, control the currents in the electro- 
lytic cells and also act as indicators. 


PROCEDURE 


To place the sample in position the union, l’, is broken (this is made gas- 
tight by means of the polythene gasket, PG) and the heating jacket is raised 
until the lower hook is exposed; P is lowered to expose the upper hook. The 
sample is placed over the upper hook, and P is raised so that it engages on the 
lower hook; the jacket is lowered and fixed in position, while P is held at a 
fixed height to keep the sample in an unextended state. The apparatus is 
flushed with oxygen, which is admitted through 7, and passed out through 7’; 
via M, and through SW, via P. Tube P is raised to give the required extension, 
and the oxygen flow is cut off and the apparatus is sealed. The pressure in V, 
is adjusted until C; is making and breaking, and 7 and 7; are closed. The 
relays are switched on and the system rapidly reaches equilibrium. When 
both relays are operating, the operator begins to read M,; and My. This is 
usually 5 minutes after the sample is extended. Taps 7, and 7; are kept closed 
at all times to eliminate any effects due to changes in atmospheric pressure. In 
the present system, C, is adjusted so that oxygen is absorbed at a pressure of 
765 mm. of mercury. 

Preparation of specimens.—The test bands were cut from standard sheets, 
4mm. thick’. The normal procedure was first to cut from the sheet a standard 
ring 4 mm. in radial width, as for normal technological evaluation of rubber 
stocks, using a two-blade rotary cutter with radii of 26.3 and 22.3 mm. An 
auxiliary foot, 26.5 mm. in radius, was then attached to the foot of the cutter, 
and the test band just less than | mm. thick was cut with a single cutter ap- 
propriately positioned. This method of cutting was developed primarily for 
the preparation of test-specimens for an investigation of rubber antioxidants, 
using the normal technological test methods on the 4-mm. ring and the stress- 
relaxation methods on the l-mm. ring. Sampling errors were thus largely 
eliminated. 


REPRODUCIBILITY OF EXPERIMENTS 


The accuracy of the apparatus and sample production was investigated. 
For this purpose the following stock was used : 


Parts 
Pale crepe 100 
Zine oxide 3 
Stearic acid 0.5 
Sulfur 3 
Diphenylguanidine 05 


The stock was cured for 60 minutes at 142° C (the conditions for optimum cure). 
In Table I the results for two different mixes and for different sheets within 
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mixes are presented. The results show clearly that, within a given mix, the 
reproducibility is satisfactory, but the variation between mixes is too great to 
allow valid comparisons to be made between stocks that are separately mixed. 
An improved method of masterbatch mixing was introduced to overcome this 
difficulty. This method consisted of milling a large amount of rubber and 
adding all ingredients except sulfur and the antioxidants to be compared. The 
mix was then split into parts, and the appropriate antioxidant and sulfur was 
added to each part in a short well-controlled mix. The separate stocks were 
subsequently vulcanized into 4-mm. sheets under identical conditions. The 
method was tested by comparing three nominally identical masterbatches ; each 


Tasie | 
oF Data 
Oxygen absorption, 
(ce./gram) 


life 
(min.) (min.) Half life 


Mix 1, Sheet | 
22 
21 
20 
22 


Mix 1, Sheet 2 


20 

20 

21 

22 

Mix 2, Sheet 1 
30 

36 

32 

32 


Mix 2, Sheet 2 


15 
16 


batch was divided into six stocks, each containing a different antioxidant. 
The results showed clearly that, whereas comparisons between antioxidants 
within each masterbatch were the same, the absolute values in the three cases 
varied considerably. It was, therefore, possible to proceed to a comparison of 
antioxidants with some degree of confidence. 


CORRELATIONS 


Two methods of correlating oxygen absorption and protection, as measured 
by halflife, are used. One method is the evaluation of the number of molecules 
of oxygen absorbed per chain cut; and second, correlation is based on an index 
expressed simply by the ratio of the aging properties to the absorption proper- 
ties. 


254 
no life 
1 1] 15 2.7 
2 1] 15 2.6 
3 10 1.6 2.8 
4 1! 1.7 3.0 
1 10 1&8 3.0 
2 10 1.6 2.6 
3 1] 1.4 3.2 
4 11 1.5 2.5 
l 16 14 2.4 
2 18 3.0 
3 16 2.0 3.7 
4 16 1.5 2.8 
l 16 $2 1.4 2.5 
2 20 1.3 2.4 
3 31 1.5 28 
1 32 1.4 2.5 
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The number of molecules of oxygen absorbed per chain cut is evaluated as 
follows. It can readily be shown‘ that, by making certain assumptions, if q is 


the number of cuts per gram of rubber, No the number of chains supporting the 
initial stress, p the density of the rubber, and fy and f the stress initially and at 
time t, respectively : 


No 
q=- 
p 


(1) 


and using the equation derived from the kinetic theory of elasticity® with the 
usual notation: 
fo NoK7 (a = ) (2) 


a 
where a is the extension ratio, thus: 
=— - fo f (33) 

KT (a fo 
a 
that is, g is proportional to the natural logarithm of the fractional stress decay ; 
the constant of proportionality may readily be evaluated in any particular case. 
Thus a plot of log f/f, vs. oxygen absorbed results in a curve whose slope may be 
used to calculate the number of cuts per molecules of oxygen. 

The evaluation of the aging index, V, suggested by Le Foll®, results in a 
measure of the protective action of the antioxidant compared with the control 
in the same masterbatch. This is simply the ratio of the half life of the control 
to that of the antioxidant stock ; it is unity if no additional protection is afforded. 
Similarly, O, the oxidizability index, is the ratio of the rates of absorption of the 
antioxidant stock and the control stock. The coefficient of deactivation, D, is 
simply the ratio, O/V. This coefficient is greater than unity for a deactivating 
effect, e.g., if the protective action is better than that afforled simply by the 
reduction in the rate of absorption, the oxidizability index is greater than the 
aging index and D is greater than unity. 


EXPERIMENTAL RESULTS 


The actual data obtained in an experiment yields three curves—oxygen 
absorption against time, stress decay against time, and stress decay against 
oxygen absorbed. A typical example of the curves from this experiment is 
shown in Figure 3. The investigations were all carried out at a temperature of 
120° C; the sample was held at 100 per cent extension. In each case duplicate 
experiments were performed, and in most cases the reproducibility was good, 
especially for the half life and the rate of oxygen absorption determination. All 
oxygen absorption rates are given in cc. per (gram) (hour), measured at 34° 
and 765 mm. of mercury. 

The stocks of Table II were compounded using the same formulation used by 
Le Bras’, adopting the masterbatch technique, in order to investigate his de- 
activation theory. Although the cure time used by Le Bras was S minutes at 
143° C, a range of cures was investigated. 

The results obtained in this series are presented in Table III; each value is 
the mean of duplicate measurements. III shows that mercaptobenzimidazole 
has in one case (stock C with the higher concentration) an activating effect 
The low half life of mercaptobenzimidazole indicates that the protective action 
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Fic. 3.—Stress relaxation and guygen absorption at 120° C 
Stock 4 of T IV. 
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Taste Il 
Le Bras FoRMULATION OF Srocks 


Le Bras formulation (Parts for stock) 


A B Cc D 

Pale crepe 100 100 100 100 
Stearic acid | 
Zine oxide 5 5 5 HY 
Devolite clay 10 10 10 10 
Benzot disul- 

fide (Thiofide) 0.25 0.25 0.25 
Tetramethylthiuram 

disulfide (Thiurad) 0.2 0.2 
Phenyl-2-naphthyl- 

amine 1.5 
Mercaptobenzimid- 

azole 
Sulfur 2.5 2.5 


is poor. This apparently contradicts the findings of Le Bras, but agrees with 
the work of Shelton and Cox’, who suggested that the effect of mercaptobenzi- 
midazole on the state of cure may be a contributory factor to its action. It is 
obviously, in part at least, a ‘‘normal’’ antioxidant, since in all cases investi- 
gated, it produces an oxidizability index that is less than unity 

It is clear that mercaptobenzimidazole has a slight activating effect, meas- 
ured by coefficient D, except when the stock with 0.75 part of mercaptobenzi- 
midazole was cured for 10 and 12 minutes; a deactivating effect was shown in 


Tape Ill 
INVESTIGATION OF Le Bras Deactivation THrory 


Coeff 
cient of 

Half Oxygen Molecules Aging Onxidizability deaecti 

Stock life absorption rate oxygen index index vation 
(Table Il) (min.) (ee./g./hr.) chain cut (V (O) (D) 


Cured & minutes 


A (control) 2.4! 0.92 
B 3 1.03 
1.47 0.72 
15 1.22 


0.80 
Cured 10 minutes 


2.37 0.77 
1.42 0.88 
1.52 0.59 
1.54 0.85 
1.90 0.96 


Cured 12 minutes 


2.42 0.74 

1.09 0.71 0.45 
1.44 0.59 0.87 0.60 
1.23 1.19 0.38 0.51 
1.67 0.90 0.60 0.69 
1.55 0.81 061 0.64 
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100 100 
5 5 
10 10 = 
25 0.25 0.25 
2 0.2 02 
75 0.75 
75 0.75 = 
5 2.5 2.5 : 
0.52 0.54 104 
0.60 0.68 
0.39 0.47 1.21 
A 29 
B 66 0.44 0.60 1.37 5 
24 0.85 0.65 0.76 
E 51 0.57 0.65 1.14 
41 0.71 0.80 1.12 
A 33 
B 80 1.10 
38 0.69 
D 88 1.15 
E 55 1.05 
54 1.33 
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these cases. The effect of cure time in all cases (except at 0.75 part of mer- 
captobenzimidazole) is slight. The variation introduced by altering the con- 
centration of antioxidant is interesting. In the case of phenyl-2-naphthyl- 
amine the behavior is normal; the lower concentration giving rise to more 
rapid deterioration and absorption. The action of mercaptobenzimidazole is 
anomolous in that, while the absorption rate increases with decreasing concen- 
tration, the protective action also increases. On the whole, the molecules ab- 
sorbed per cut parameter tend to decrease with increasing cure time. 

The data obtained are a good indication of the reproducibility of the method 
and of the compounding of stocks. Therefore, a number of accepted antioxi- 
dants were investigated to see if significant differences existed in the resulting 
molecules per cut parameter or the deactivation coefficient and, hence, in their 
mode of protection. Although the Le Bras theory was confirmed in the case of 
mercaptobenzimidazole, the blend of phenyl-2-naphthylamine and mercapto- 


Taste IV 
oF ANTIOXIDANT BLENDS 


Oxygen 
absorp- Coefhi- 
tion Mole- Oxidiz- cient of 
Half rate cules Aging ability deacti- 
life (ee./g./ oxygen/ index index vation 
Antioxidant (min.) hr.) ehaineut (V) (O) (D) 
None (control) y 2.0% 0.80 — 
2.48 
Phen y!-2-naphthylamine 0.49 


Acetone-aniline condensation product 


= 
~ 


Acetone-diphenylamine condensation 
sroduct 
Alkylated phenol sulfide 


diamine 
Alkylated phenol 


Mercaptobenzimidazole 


Pheny!-2-naphthylamine-mereapto 
benzimidazole 
No. 3-Mercaptobenzimidazole 


No. 5-Mercaptobenzimidazole 


benzimidazole produced a synergistic protective effect, in that the combination 
resulted in better aging properties than were produced by either alone. This 
effect was found to be much more pronounced in diphenylguanidine accelerated 
stocks. Blends of other antioxidants with mercaptobenzimidazole were in- 
vestigated to ascertain whether this effect was general. The results of this 
program are given in Table IV. The Le Bras formulation was used with 1.5 
parts of antioxidant and 0.75:0.75 blends ; the samples were cured for 10 minutes 
at 143° C. 

The results were all obtained at 120°C. Mercaptobenzimidazole (Stock 8) 
exerts no apparent deactivating effect—a confirmation of the previous work. 
All other antioxidants examined exhibit this effect to a greater or lesser degree. 
The blends are in all cases slightly less protected, measured by half life, than 
the corresponding antioxidant stock, but it must be remembered that this 
degree of protection is maintained with only half the quantity of the primary 
antioxidant. It is probably assisted by the increased protection afforded by 
half the concentration of mercaptobenzimidazole as observed previously. 


Stock 
No 
2 
4 ee 88 1.23 0.93 0.23 0.49 
4 1.21 0.88 0.24 0.48 
4 v4 0.99 0.89 0.22 0.39 
WR 0.99 0.94 0.21 0.39 
5 56 1.36 0.85 0.37 0.54 
62 1.26 O82 0.33 0.50 
6 180 0.94 1.27 0.11 0.37 
175 0.80 1.17 0.12 0.32 
7 38 1.45 0.78 0.54 0.57 
38 1.50 0.86 0.54 0.59 
8 Po 38 1.36 1.07 0.54 0.54 1.00 
35 1.50 1.02 0.59 0.59 1.00 
5O 1.06 0.97 OAl 042 1,02 
57 1.09 O95 0.36 043 1.19 
10 75 0.95 OBA 0.27 0.37 1.37 
73 0.95 0.87 0.28 0.37 1.32 
54 1.11 082 0.37 O44 1.19 
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In order to obtain a more complete picture of the effect of cure on the 
Tobolsky equation‘ by altering the value of No, a control stock (formulation A, 
Table II) was mixed and cured for various times to give a range of modulus 
values. The results are given in Table V. In this case it is not possible to 
evaluate V, O, and D, since no stock may be regarded as a standard control. 


INTERPRETATION OF STRESS RELAXATION DATA 


In an attempt to interpret the stress-relaxation data in terms of the molec- 
ular network the method of Tobolsky and coworkers‘ has been used. Accord- 
ing to the equations derived, the number of molecules of oxygen required to cut 
a molecular chain between cross-links may be determined. It is believed, how- 
ever, that the assumptions implicit in the derivation are open to certain criti- 
cisms which render the method invalid. The criticisms fall into two classes 
the neglect of chain ends and network defects and the effect of the cutting of one 
chain on surrounding junction points is not considered. 

It is assumed that initially all units of the rubber molecule are between cross 
links and contribute to the support of stress. It has been shown* that network 
defects, such as loose chain ends and intramolecular cross-links, do, in fact, 
occur and give rise to a certain fraction of ineffective chains. In order to correct 
the derivation of the formula for the number of cuts produced by this effect, 
the initial fraction of ineffective polymer must be known. The methods used 
for this type of study* have been approximate, owing to the complexity of the 
problem, but the work of Gee’® on the comparison of the degree of cross-linking, 
estimated by physical and chemical methods, indicates that the fraction of in- 
effective polymer is not small. 

It is also implicitly assumed that, when a chain is cut, the break has no 
effect on surrounding chains and junction points (cross-links). In an attempt 
to correct for this, the elastic energy stored in the rubber was considered to be 
divided equally among the effective chains—corresponding to the free energy. 
If at any time the energy stored in each chain is e, the energy liberated in a 
single cut will be e(1 + a), where a is a parameter which depends on the relaxa- 
tion of neighboring chains. This energy is dissipated by internal viscous 
damping as the surrounding chains take up new equilibrium positions. The 
simplest possible assumption is that a is a constant, which will be the case when 
the degree of degradation is small, and in this case the number of cuts in term of 
a and the energy in the rubber at any time can be evaluated. The energy 
stored in the rubber cannot be found from stress-relaxation data, because the 
permanent set is due to a combination of the effect described above with addi- 
tional cross-linking reactions, which are known to take place in the presence of 
oxygen. This theory is supported by the fact that when the tension has de- 
cayed almost completely, the sample still possesses good elastic properties 
This cross-linking further complicates the molecular interpretation of stress- 
relaxation data, and differences observed between antioxidants may, in part at 
least, be due to their different effects on this process. In view of these argu- 
ments, the derived value of the number of molecules of oxygen absorbed per 
chain cut is very unreliable for use in the correlation of oxygen absorption and 
stress-relaxation data. 

The results of Table V show clearly the variation in this parameter for 
different degrees of cure of the same stock. When the initial modulus (propor- 
tional to No) is small, the number of molecules of oxygen per cut is large. If it 
is assumed that each cut corresponds to one reacted isoprene unit, it would be 
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Taste V 
Ervect or Cure Time 
Formulation A of Table IT 


Cure Half Oxygen Molecules No. of chains 
time life absorption rate oxygen / unit vol. / 
(min.) (min.) (ec./g./hr.) chain cut (Ne X 


1.95 
1.33 
1.19 
0.92 
0.82 
0.78 


expected that the values in all cases should be equal, since cuts on chains previ- 
ously cut have been allowed for in the derivation on the formulas. The dis- 
crepancy is probably due to the assumptions implicit in the derivations, since a 
looser network (the more lightly vuleanized stocks) will probably differ in the 
percentage of polymer not included between cross-links. It is also possible 
that the effect on surrounding junction points when one chain is cut will differ 
with the degree of cure. 

If it is assumed that the discrepancy is due entirely to the variation in the 
fraction of polymer present as effective chains, the derivation of the formulas 
may be amended to include this assumption. If the fraction of polymer present 
as effective chains is 8, the equation for the number of cuts produced per unit 
volume when the stress has decayed to f is: 


(4) 


The values obtained for the number of molecules of oxygen absorbed must be 
multiplied by 8 to correct for network defects. If it is assumed that the stock 
with the highest cure consists almost entirely of effective chains, the values of 
8 for other cure times may be found, as follows: 


Cure time Av. mol, wt. 
(min, at between 
cross-links 


4800 

5100 

4900 
0.84 57) 
0.94 6000 
1.00 6200 


The average molecular weight is calculated by assuming that molecular weight 
= Bo/No. The increasing molecular weight between cross-links is obviously in 
error, and is probably in part due to neglect of the effect of cuts on surrounding 
junction points. 

The idea of the chain-cutting processes relaxing neighboring chains intro- 
duces a consideration of the randomness of the process. A systematic cutting 
procedure could bring about a much greater stress relaxation than an equivalent 
degree of random cutting and, hence, nonhomogeneously dispersed antioxidants 
or other compounding ingredients could give rise to variation of stress relaxation 
for a given absorption. This point arises in considerations of the dispersion of 
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20 37 2.15 0.491 
22.5 40 2.20 0.679 
25 40 2.54 0.799 
27.5 29 2.51 0.884 
40 31 2.52 0.935 
35 39 2.29 0.967 
No, f 
q=- In 
fo 
20 
22.5 
25 
27.5 
30 
35 
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certain accelerators in rubber when poor dispersion is known to give rise to 
localized overcuring. Similarly, a poorly dispersed antioxidant could give rise 
to localized protection and, hence, a nonrandom chain scission. 

The difficulties of molecular interpretation are so great that it is more con- 
venient, though less general, to grade antioxidant action by what is known as the 
deactivating effect. Le Bras" suggested two types of mechanism for antioxi- 
dant action, the normal case in which the antioxidant simply inhibits the ab- 
sorption of oxygen and retards aging in the same proportion and, secondly, a 
type of antioxidant termed a deactivator, which decreases the rate of degrada- 
tion to a much greater degree than they affect the oxygen absorption. Le 
Foll* proposed the use of the coefficient of deactivation, D, which, in the nota- 
tion of the present article, is proportional to the product of the half life and the 
absorption rate. This coefficient expresses quantitatively the amount of 
oxygen required to reach a given stress decay. The variation of the values of 
D obtained with the antioxidants studied demonstrate clearly the fact that any 
description of oxidative degradation in terms of either oxygen absorption or 
decay of physical properties alone is essentially incomplete. The coefficient, 
D, correlates the oxygen absorption with stress relaxation and is used as an 
indication of the mechanism of protection. 

The comparison between the results of this work and those reported by Le 
Bras'? and Shelton’ is perhaps unfair, since Le Bras and Shelton used techno- 
logical methods of evaluating aging resistance, and the same aspect of antioxi- 
dant action was not studied. The technological test is also subject to a high 
degree of error, especially when the property being measured is tensile strength, 
and on these grounds it is not very useful in fundamental studies. It should 
also be remembered that the technological tests are intermittent, i.e., the sample 
is aged in the relaxed state and then tested, and they would probably compare 
more favorably with intermittent modulus measurements. The present ap- 
paratus is not capable of this, but an apparatus has been designed on the same 
principles for this work. The advantages of the present apparatus over the 
technological testing are that the method is shorter and nondestructive, and 
direct correlation with absorption is obtained. 

The role of mereaptobenzimidazole as a deactivator cannot be supported by 
the evidence reported with respect to stress relaxation. Its behavior at half 
concentration is, however, anomalous and merits further study. Further study 
might explain the discrepancy between the authors’ results and those of Le 
Bras. The effect appears to be more pronounced with longer cure times 

The sample thickness of approximately 0.9 mm. is free of diffusion effects at 
120° C. This is evident from the literature” and also from preliminary work. 
In all cases the absorption indicates the level of oxidation to be at the constant 
rate stage, since the curves in all cases are linear except for a short initial 
portion where nonlinearity is due to temperatue variation in the apparatus 
The relaxation curves, the logarithm of the stress decay plotted against time, 
are linear after a short initial portion. In cases where the oxygen-log stress 
curves were not linear, the slope at the half life was used to caleulate the num- 
ber of molecules of oxygen per cut. 

While it is not possible to make any fundamental deductions from the re- 
sults of this work, they do indicate that, for a complete description of the 
mechanism of degradation, both oxygen absorption and physical degradation 
should be considered. The method of evaluation is suitable. 
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SUMMARY 


In any serious study of antioxidant action, it is essential that the oxygen 
absorption rate of a protected rubber be determined and the changes in the net- 
work system caused by the oxygen be assessed. This information is normally 
obtained from separate oxygen absorption and aging studies. A method is 
described in this article which enables simultaneous measurements of oxygen 
absorption and stress relaxation to be made on a given rubber sample. 

A number of antioxidants have been compounded with natural rubber and, 
from the results, an estimate is made of the molecules of oxygen absorbed per 
rubber chain cut. This is found to vary with the antioxidant, although some 
difficulties of interpretation are pointed out. Variations of deactivating effect 
among the antioxidants shows clearly that any attempt to understand oxidative 
degradation in terms of oxygen absorption or decay in physical properties alone 
is not possible. 

The method provides a new technique that is of value in any basic study of 
antioxidant action in elastomers. 
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STRESS RELAXATION OF VULCANIZED RUBBER IN 
COMPRESSION AND TENSION * 


S. A. ELLER 


Marenta Laponatory, New Nava. Surrvanp, N. 


Stress relaxation is an important consideration in determining the suitability 
of gasket materials for Navy door hatches, pipe lines, and similar applications. 
In view of this, the Material Laboratory, New York Naval Shipyard, has de- 
voted considerable time and effort to the design of equipment to measure stress 
relaxation of rubber materials deformed in compression and in tension. 


COMPRESSIVE STRESS RELAXATION APPARATUS 


A cross-section of the Material Laboratory compression stress relaxation 
apparatus, drawn to scale except for the 3-inch dimension shown for the height 
of the bushing support, is shown in Figure 1. This apparatus is essentially the 
same as that used to measure the compression set of vulcanized rubber at con- 
stant deformation’. The test-specimen, which is a cylinder 0.5 inch thick by 
1.129 inches in diameter, is compressed to the desired deformation between two 
parallel steel plates. These plates are bolted together to the height of the in- 
serted metal shims, which limit the percentage deformation of the specimen. 
The part of the top-plate assembly that actually compresses the specimen is a 
load applicator. The load applicator can slide with minimum friction with 
respect to the top plate, and is insulated electrically from the apparatus except 
for a flange that is in metal-to-metal contact with the underside of the top plate 
An electrical resistance meter connected to the apparatus measures the resist- 
ance at the metal-to-metal contact of these parts. 

The arrangement of the apparatus is such that the back stress in the com- 
pressed specimen exerts on the load applicator an upward force that is resisted 
by the top plate. An external force applied to the load applicator decreases 
the force of the top plate on the load applicator (the sum of these two forces is 
equal to that exerted by the compressed specimen). The external force, which 
is increased gradually, causes additional compression of the specimen only when 
it exceeds the back force in the specimen. When this condition occurs, the 
additional compression of the specimen results in physical separation of the load 
applicator from the top plate, which is detected on the meter as a change in the 
contact resistance between these parts. The instant this separation occurs, the 
force of the top plate on the load applicator is zero, and the back force exerted 
by the specimen is equal to the external force supplied by the load-measuring 
device. Since the weight of the load applicator itself exerts a force to compress 
the specimen, its weight is added to the external force reading. The bottom 
plate of the apparatus has a base plug with a micrometer arrangement, so that 
each division on the underside of the plug corresponds to a relative elevation of 
0.001 inch of the plug with respect to the bottom plate. This plug makes 
possible accurate adjustment of the percentage of compression of the specimen 


bd Reprinted from the ASTM Bulletin No. 207, pages 78-80 (TP 150-162), July 1055 
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Loed applicotor, steel 
| required -No.6-32 screw, 2 required 


Cap, Bokelite, Boll bushing, 2 required, No. A-i22026 
| required Tek Bearing Co., 177 Lofayette St, NYC 


/ Bushing support, steel, | required 


Bokelite, | required 


Electrical wires to 
Simpson Meter 
Model 260 


Pin 6-NC 2§ in. tong! 


nut | / \6-NC screw, Bakelite 
4 required / 4 required 
V4 
stud, 4 required / 


~~ Specimen, rubber, | required 
~Adjustabie bose plug, steel, | required 
“Top plote, steel, | required 
“Shim, steel, 2 required 
\. Bottom piote, steel, | required 


\ 


Kio. 1.-—-Cross-section of the Material Laboratory compression stress relaxation apparatus. 


PROCEDURE 


In making a test, the height of the specimen is measured. Then the appara- 
tus is adjusted to compress the specimen to the desired deformation. At 3 
min. (+ 10 sec.) after the specimen is compressed, the back force exerted by 
the unaged specimen is determined, The external force is then removed, and 
the assembled apparatus is allowed to condition for 1 hour at room tempera- 
ture. At the end of the 1-hour period, the apparatus is subjected to the de- 
sired aging conditions. After aging, the back force exerted by the specimen is 
again determined, Once the stress relaxation apparatus is assembled, no addi- 
tional manipulation of the specimen is required, regardless of the number of 
times the back force is measured. This is because only about 0.0005 inch 
additional compression of the specimen is required to measure the back force. 
When the aging is done at elevated temperatures, the specimen is allowed to 
cool at room temperature for 5 hours (+ 4 hour) to attain thermal equilibrium. 


TENSILE STRESS RELAXATION APPARATUS 


The tensile stress relaxation apparatus is shown in Figure 2. This appara- 
tus consists essentially of a removable test jig to maintain a T-50 type specimen 
at a desired elongation, and with provision for measuring the back force in the 
elongated specimen. The T-50 specimen is elongated between the stationary 
clamp and a clamp secured to an aluminum rod fitted with a pin that fits into 
a V-slot in an adjustable collar positioned on the jig. This collar resists the 
restoring force of the elongated specimen. After assembly, the test jig is 
positioned on the apparatus so that the top of the aluminum rod can be secured 
to a flexible linkage, which in turn is connected to a 500-gram capacity Hunter 
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spring gauge. The Hunter gauge is secured to a bracket that can be elevated 
or lowered relative to the test jig by turning a thumb serew (not shown in 
Figure 2). 

The arrangement of the apparatus is such that, when the Hunter gauge is 
elevated, the load on the gauge is transferred to the specimen. When this load 
is less than the back force in the specimen, the rate of load increase on the 
gauge is directly proportional to the movement of the thumb screw, due to the 
linear relationship between load and elongation of the spring in the gauge. 
However, when this load is greater than the back force in the specimen, the 
specimen elongates further. Additional elongation of the specimen is detected 
visually as a break or discontinuity in the rate of load application with move- 
ment of the thumb screw. This test is very sensitive, and only a slight addi- 
tional elongation of the specimen is required to obtain a reading of back force. 
Having measured the back force, the external load due to the Hunter gauge is 
removed. The restoring force of the specimen is then automatically reapplied 
on the collar. The assembled test jig is then removed from the apparatus and 


2.—Tensile stress relaxation apparatus. 
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subjected to the required aging conditions. The load reading on the gauge, 
minus the weight of the aluminum rod and the specimen, is equal to the back 
force exerted by the elongated specimen. 


PROCEDURE 


In operation, one end of a T-50 specimen is hooked onto the stationary clamp 
and the other end onto the aluminum rod. The specimen is then elongated 
within 5 seconds to the desired elongation. At 3 minutes (+ 10 seconds) after 
elongation, the back force is determined. The assembled test jig is then re- 
moved from the apparatus and permitted to condition for 60 (+ 5) minutes at 
room temperature prior to aging. When the test jig has been aged at elevated 
temperature, the assembly is allowed to cool for 60 (+ 5) minutes at room 
temperature before the test. Except for the time spent in obtaining readings 
of the back force, the assembled test jig was stored and aged in a cellulosic en- 
closure to minimize ozone effects. This precaution was taken because ozone 
affects rubber materials more in tension than in compression. 


TEST RESULTS 


For stress relaxation in compression and in tension, the following calculations 
were made: 


back force exerted by specimen 
cross-sectional area of specimen 


Back stress (Ib. per sq. in.) = 


Stress relaxation (per cent) 


back stress in unaged specimen — back stress in aged specimen 


« 100 
back stress in unaged specimen 


The specimens used for this investigation were a GR-S stock compounded to 
meet the requirements of Military Specification MIL-R-900A and a Butyl 


stock that was assumed to have high stress relaxation. The recipes and initial 
physical properties of these stocks are given in Table I. 


I 
Recipes aNd Puysical Properties ory Rupper Stocks 


GR-8 stock 
GR-8 
Zine oxide 
Philblack-A 
Helozone 
Flexol- TOF 
Methyl! Tuads 
Sulfur 


Cure for }-in. thickness: 22 min. at 310° F 
Tensile strength (lb. per aq. in.) 1390 
Elongation (per cent) 460 
Hardness (Shore A) 45 


Buty! stock 
GR-I 
Zine oxide 
Stearic acid 
Philblack-A 
Cireo L.P. oil 
Tuads 
Captax 
Polyac 
Sulfur 


Cure for j-in. thickness: 35 min. at 310° F 
Tensile strength (lb. per sq. in.) 1950 
Elongation (per cent) 585 
Hardness (Shore A) 40 


Tests were made to determine the relationship between stress relaxation in 
compression and in tension with respect to percentage of deformation. The 


test-specimens, prepared from the GR-S and Butyl slabs, were deformed 10, 
20, and 30 per cent in compression and 20, 40, 60, and 80 per cent in tension. 
After the initial back force readings were obtained, the deformed specimens 
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Buty! tension | 
+ 


GR-S in tension 


Stress Relaxation, per cent 
§ $ 8 8 


Deformation, per cent 
Fia. 3 


Stress relaxation in compression and tension vs. deformation 


Specimens 
aged for 46 hours at 194° (4 2°) F 


were conditioned for 46 hours at 194° (+ 2°) F. Following this aging period, 
the back force in the specimens was again determined. Stress relaxation was 
calculated and plotted against per cent deformation in Figure 3. 

From Figure 3 it can be seen that: 


The stress relaxation in compression of both GR-S and Buty! specimens 
dec ae with increase of deformation. Stress relaxation in compression for 
Butyl at 20 per cent deformation was lower than for 10 or 30 per cent deforma- 
tion. However, additional data are necessary to determine the exact shape of 
this curve. 


100 


Butyl in compression ot /94 ter, 
--~—-+ + + 


in compression ot 19418 


Buty! in tension ot 


+ 


GR-S in tension or 
Buty! in compression of 7422 F—. 
Buty! in or 


Stress Reloxotion, per cent 


Fic. 4.—Stress relaxation in compression and tension vs. time 
aging at room temperature and at 194° (+ 2°) F 
tion; tension testa at 40 per cent deformation 
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2. No significant change of stress relaxation was observed for the GR-S 
and Buty! specimens tested in tension. 

4. The GR-S specimens subjected to 80 per cent elongation broke prior to 
removal from the oven. This failure may have been due to stress concentra- 
tion at the shoulders of the T-50 specimen. 

4. At the same percentage of deformation, the stress relaxation of both 
GR-S and Buty! specimens was higher in compression than in tension. 


Tests were also made to determine the relationship between stress relaxation 
in compression and in tension with respect to continuous aging at room and 
elevated temperatures. The test-specimens, prepared from the GR-S and 
Buty! slabs, were deformed 20 per cent in compression and 40 per cent in ten- 
sion. The back force was measured and the specimens aged at room tempera- 
ture. Additional specimens, similarly deformed, were conditioned at 194° 
(+ 2°) F. At selected intervals of time up to a conditioning period of about 2 
weeks, the back force in the specimens was determined. The conditioning time 
at 194° (+ 2°) F was calculated, omitting those periods of time when the speci- 
mens were cooling to room temperature. Stress relaxation of the specimens 
was calculated and plotted against conditioning time in Figure 4. 

From Figure 4 it can be seen that: 


1. The stress relaxation of both GR-S and Buty] in compression and in ten- 
sion increased with aging time and temperature. Conditioning the specimens 
at 194° (+ 2°) F greatly increased the stress relaxation of both the GR-S and 
Buty! specimens. 

2. The Buty! specimens exhibited higher stress relaxation at 194° (+ 2°) F 
in both compression and tension than the GR-S specimens, whereas at room 


temperature the reverse was true. The Material Laboratory is unable to give 
a reason, at present, for this apparent reversal in expected results. 

4. Plotting the data on semilogarithmic paper appears to be a convenient 
way to correlate the effects of room temperature aging with accelerated aging 
conditions. 
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A COMPARISON OF THE FLOW OF HIGH POLYMERS 
IN THE CAVITY OF A MOONEY PLASTOMETER * 


D. S. FeEnsom 


Riptey St. CatrHarines, Ontario, Canava 


INTRODUCTION 


In 1951 a brief survey of the viscosity-time curves obtained during the 
shearing of GR-S and Butyl synthetic rubber samples in a Mooney plastometer 
was made’. As a result, some views on the flow inside the cavity of this plas- 
tometer have been formed, and the work described below is a continuation of 
the original study. Two comparisons have been attempted: the comparison 
of the flow curves of high polymers whose structure and properties were either 
measured or known, and the comparison of the actual rubber residues taken 
from the machine after shearing. 


IDEALIZED MOONEY CURVES 


When a high polymer is sheared under standard conditions in a Mooney 
plastometer, the strain on the shearing mechanism is measured and can be 
plotted against time?. It has been the custom for the rubber industry to de- 
pend chiefly on the Mooney value, i.e., the measured strain, after four minutes’ 
shearing, but in previous work it was suggested that all parts of the curve may 
reflect the structure of the sample’. 

Two very important types of synthetic rubber, Buty! and GR-S, were found 
to give two distinct types of Mooney curves. Idealized curves for these two 
rubber types are given in Figures | and 2. 

In Figure 1, which is for Butyl rubber, a steady flow portion A’C’ or BC is 
shown, but the dotted-line curve A’C’ has the characteristic shape for samples 
which have been heavily ‘‘massed”’, i.e., milled between heated rolls, and cooled, 
but which have not been allowed to relax in the hot cavity of the machine for 
more than a second or two. The full line, ABC, is typical of a low-viscosity 
Butyl sample relaxed or conditioned for the normal! period of one minute. The 
part of the curve OA (or OA’) was largely the result of rubber extension, while 
AC (or A’C’) was largely due to flow of rubber. When a high-viscosity sample 
of Butyl rubber was tested, with the usual period of conditioning, the curve 
followed the shape OABA’C’, 

In Figure 2 the curves are shown of two typical GR-S rubbers, i.e., buta- 
diene-styrene copolymers, which have not been massed prior to running, but 
which have been conditioned in the machine for one minute before shearing. 
The difference in shape of these curves may be seen in comparison with those of 
Figure 1; the low and flattened part of the curve OA and the secondary rise at 
C in about four minutes. The sample giving curve OABC would be lower in 
viscosity and gel content than that giving OA‘’B’C’. 


* Reprinted from the Canadian Journal of Technology, Vol. 33, pages 194-203 (1955 This paper was 
presented at the High Polymer Forum, London, Ontario, November 1953 
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MOONEY CURVES OF VARIOUS HIGH POLYMER TYPES 


Some ten distinctive types of high polymer relating to Butyl or GR-S syn- 
thetic rubber were run in a standard Mooney machine at 212° F. A standard 
rotor was used, and the rotor speed was kept at 2 r.p.m. according to the re- 
quirements of one of the commonest tests carried out by this machine’. Each 
high polymer was allowed to condition in the machine for one minute (unless 
stated to the contrary), and according to thermocouple measurements made in 
the sample mass inside the cavity, the high polymer temperature at the start 
of shear was within 5° of 212° F. 

While there is no reason to think that the curves shown in Figures 3-10 are 
the only ones which might be obtained for their polymer group, in most cases 
the main shape of the curve would seem to be characteristic of typical samples. 


HIGH VISCOUS BUTYL 
UNRELAXED AFTER MASSING | A 


FIG.2 


6 2 20 24 Oo 68 24-32-40 8 


6 
TIME IN SECS TIME IN SECS. 


Fic, 1.-—-Idealized Mooney plasticity-time eurves for Buty! rubbers. 


Typical Mooney curves of unmaased butadiene-styrene copolymers containing 
about 23° bound styrene 


Where duplicate runs were made (not done in the case of polystyrene, the 
natural rubbers, or “special” rubbers) the curves lay within two Mooney points 
of each other at comparable times. 

All samples were run between cellophane sheets to prevent the polymer from 
sticking to the rotor or platens. 

Some properties of the miscellaneous polymers are listed in Table I, the 
butadiene-styrene (or related) copolymers in Table II, and the Buty! samples 
selected as typical in Table IIL. 

Intrinsic viscosities, [], and the branching factor, k’, were both found from 
measurements of dilute solution of polymer in toluene’. The solutions were 
filtered to remove gel and then run in an Ubbelohde viscometer at 25.0° C 
(+.02°). Concentrations were kept below 0.5 g. per 100 ml., and k’ was 
calculated from the slopes of the viscosity curve, using the relation: 


(In = — Bin }e 


3} 
Lan 
: 


FLOW IN A MOONEY PLASTOMETER 


and 

k’ = (0.50 — B) 
where 7, is the relative viscosity, c is concentration, and B(n } is the slope of the 
curve. 


The gel content of polymers was obtained by suspending a 0.1-gram sample 
of polymer within a 100-mesh stainless steel wire cage in toluene at room tem- 


FIG.3 FIG.4 
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T-3367-6 
UNMASSED 


4301-7 UNMASSED 


RaW GUTTA-PERCHA 
TIME iN MIN, TIME IN MIN, 
Fie. 3.—Mooney curve of a sample of polystyrene run at 273° F 
4.——Mooney curves of samples of polyisobutylene run at 212° F 
Fia. 5.—Mooney curves of Natural rubber samples run at 212° F 


Fig. 6.—Mooney curves of samples of polybutadiene polymerized at 122° ¥) run at 212° b 
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FIG.7 
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RUN AT 212°F 


C, 3 MIN, CONDIT 
< RUN AT 237 °F 
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/ 
K RUN AT 212 °F 
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Fic. 7.-Mooney curves of samples of Butyl rubber, run at various temperatures 


1. 8 —Mooney curves of samples of butadiene-styrene copolymers (polymerized at 122° F 
and with 23° bound styrene) run at 212° F unmassed. 


1. 0 Mooney curves of samples of butadiene-styrene copolymers (polymerized at 55° F 
and with 23% bound styrene) run at 212° F unmassed. 


Fira. 10.— Mooney curves of samples of miscellaneous synthetic rubbers polymerized at 122° F. and 
run at Various temperatures. Sample X was a butadiene-styrene copolymer with 25% bound styrene and 
0.3% divinylbenzene. Sample 8 was « butadiene-styrene copolymer with 85% bound styrene Sample K 
was a butadiene-acrylonitrile copolymer with 32% bound acrylonitrile 
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Tasie | 
Properties or 


Intrinsic Branching 


viscosity factor Gel 
(k’) (%) Comments 
Polystyrene 118 = 0.33 Preheated to 280° F before the Mooney run 
Polyisobutylene 
5.4230 0.92 0.38 - Conversion 51° 
8.4241 2.51 0.37 Conversion 52° ; after Mooney run 
= 2.51 
8.4182 5.06 0.39 Conversion 72°; 
Polybutadiene, 
polymerized in emulsion at 122° F 
T-4301-7 2.03 0.43 — After Mooney run [»] = 2.02, k’ = 0.41 
T-3357-6 2.25 0.39 After Mooney run = 2.19, = 0.35 


The cage and residue were dried at 100° C for one hour 


perature for 48 hours. 
before weighing. 


THE COMPARISON OF ACTUAL MOONEY CURVES 


(A) PRIMARY PEAKS 


The outstanding feature of the Mooney curves of polystyrene and polyiso- 
butylene, Figures 3 and 4, was the extremely sharp primary peak reached within 
four seconds from the start of shear. The curves of these two types were 


Il 
PROPERTIES OF BUTADIENE-STYRENE COPOLYMERS 


Intrinsic Branching 
Viscosity factor Gel 
(») (k’) (%) Comments 
Polymerized in emulsion at 122° F, 23% bound styrene 
DF.112 1.50 0.36 Pilot plant batch, 62°), conversion 


0.7 
DF.110 1.82 0.35 0.2 Pilot plant batch, 57% conversion 
B 2.37 0.42 1.2 Plant batch, 72°, coversion : 
after Mooney run [»] = 2.37, 


= AO 
DF.114 2.20 0.34 1.0 Pilot plant batch, 59% conversion 
Cc >3 61.2 Plant batch, 73°) conversion 
DF.108 2.96 0.35 14.5 Pilot plant batch, 59°, conversion 
DF.118 - 36 Pilot plant batch, 60% conversion 
DF.105 58.6 Plant batch, 71°) conversion 
DF.116 - 47 Pilot plant batch, 59% conversion 


Polymerized in emulsion at 55° F, 23% bound styrene 

0 3.89 0.37 5.7 Supposed to be identical with DF.106 
coagulated with 45 oil: 100 polymer 
Analysis based on oil-free sample 


A 2.17 0.32 0.1 
DF.106 3.78 0.36 40.8 Plant masterbatch, 7007, conversion 


Polymerized in emulsion at 122° F, miscellaneous types 


bs) 1.21 0.34 10.0 85° bound styrene 
x - 78.2 25% bound styrene +0.3% divinyl- 
benzene 


K - 39.7 32% acrylonitrile replacing all styrene 


or 
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similar in general shape to that of a typical low-viscosity Buty! rubber with a 
low branching factor (see Butyl-B, Figure 7), but very different in shape from 
the curves of polybutadiene (Figure 6). The primary peak of the polybutadi- 
ene curves for unmassed samples was not at all sharp, and was not reached until 
10-17 seconds after shearing was started. 

A further set of natural rubber samples was then run (Figure 5). Raw pale 
crepe rubber, which is considered to be fairly pure polyisoprene polymerized 
without branches in a latex emulsion in the Hevea tree, showed a sharp primary 
peak rather similar to polyisobutylene. This sample would probably have been 
rolled at least once. Smoked crepe, a less pure grade of latex dried under condi- 
tions which might be expected to lead to more cross-linking, showed a broader 
peak than raw pale crepe. Balata gum, precipitated and purified, showed a 
sharp primary peak in spite of its low viscosity at 212° F, but the Gutta-percha 
sumple, which contained some gums and resins other than pure rubber, showed 
again a flattened peak. These tests, though too few to be conclusive, suggested 
that the sharpness of the primary peak might be related to lack of branching in 
a polymer, or to some similar structural feature of the material, rather than to 
the process of manufacture. 


Ill 


Proverties or Bury. Rusper Sampies ContaininGc apout & Per Centr 
[sorpRENE COoPOLYMERIZED WITH IsOBUTYLENE 


Intrinnic Branching 
Vincomity factor Gel 
(m) k’) 


1.10 0.37 0.1 After Mooney run br = 1.03, k’ = 36 


(%) Comments 


1.30 0.40 1.3 After Mooney run [»}] = 1.28, k’ = 39 


(B) SECONDARY PEAKS 


It will be noticed from Figures | and 2 that, in addition to the primary peak, 
a secondary rise may also appear in certain Mooney curves. In Butyl rubber 
samples, this secondary rise occurred within one minute of the start of shearing, 
and was dependent on the temperature of the sample. Thus a sample which 
showed « pronounced secondary rise (Butyl C, Figure 7) when run at 212° F 
after one minute of conditioning showed less rise if the conditioning period were 
extended or if the temperature were raised. Low-viscosity samples showed 
even less rise, or none whatever. 

With GR-S samples and related rubbers, the secondary rise was also notice- 
able. However, with these materials it was seldom noticeable until after one 
and one-half minutes of shearing, and often did not attain its peak until some 
four or five minutes had elapsed. With these rubbers the secondary rise was 
hardly affeeted by temperature change or conditioning period, but was cer- 
tainly increased by increasing molecular weight and increasing gel as Figure 8 
and Table II show. 


COMPARISON OF PLUGS OF ACTUAL MOONEY SAMPLES 


To determine the particular reasons for these flow peculiarities, several 
experiments were devised. Samples of GR-S and Butyl rubber were evacuated 
for 24 hours at 100° C, at a pressure around 10 mm. mercury. Nitrogen was 
then admitted at atmospheric pressure, and the samples were allowed to cool in 
its atmosphere before they were run in the Mooney machine. Since no ap- 
preciable change in the flow curve resulted, it was concluded that entrapped air 
played little part in influencing the shape of the flow curves. 
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8 secs. 


POLYISOBUTYLENE + BLACK DARK 
POLYISOBUTYLENE ML“4-60 


Fic. 11.—Drawings of cross-sections of actual sample plugs from the Mooney machine: Buty! (low 
viscosity) and polyisobutylene after 8 seconds, 30 seconds, and 4 minutes shearing (i.e., one quarter, one 
and eight revolutions). 


A study of the decay of stress in the sample after shearing, but while the 
sample was still in the machine, was a little more useful. This indicated that 
no true structural effect occurred in Butyl rubbers to cause the secondary rise, 
but in GR-S samples a lasting change occurred in the sample during its shearing. 

Greatest progress was made by examining the sample plugs from the ma- 
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Ssecs 4muins 
Fig. 12.—Drawings of cross-sections of actual sample plugs from the Mooney machine: GR-S (+ 
butadiene-styrene copolymers with 23% bound styrene) of low and high viscosity after 8 seconds, 4) 
seconds, and 4 minutes shearing. 
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chine after a definite period of shearing. To do this Messrs. Storey and Briggs 
of Polymer Corporation devised a method of placing a different color of rubber 
in each half of the shearing cavity. Polyisobutylene was impregnated with a 
small quantity of carbon black to give some color to it. However, the GR-S 
samples had to be colored with chemicals, since milling with earbon black would 
destroy the original structure on which the secondary rise seems to depend. 
After it had been run for the desired time, the machine was stopped and heated 
to 300° F in order to allow a fairly permanent relaxation of each sample to 
occur 80 that the sample would not distort unduly when it was removed from 
the die. 

Drawings of the cross-sections of these plugs are shown in Figures 11 and 12. 

It will be seen that the plugs of polyisobutylene indicate a stretching of the 
sample at first, followed by flow of a streamline nature, which started at the 
outside of the rotor. As time went on, the sample seemed to wind up around 
the axis of shear and the streamlines approached the center. After four min- 
utes there was some indication of breakup in the flow units. The flow planes 
of low viscosity Butyl rubber were also streamline in their nature. 

In the case of the plugs of GR-S rubber, extension was again visible, but to 
a much smaller extent than in Butyl or polyisobutylene. With the extension 
was definite evidence of slippage along certain slip planes at fixed distance from 
the center. This, apparently, was the cause of flatness in the primary peak 
which has been noted above. After about 30 seconds of shearing, the GR-S 
samples showed signs of a peculiar turbulence or nodulizing, which became more 
and more apparent with time. This coincided with the period of “secondary 
rise’’. 


DISCUSSION OF RESULTS 


If these results are accepted as typical of the classes of rubber from which 
they are taken, it will be agreed that these synthetic rubbers fall into two classes : 
those which exhibit substantially a streamline type of flow after high extension 
in the Mooney chamber, and those which exhibit slip with the primary exten- 
sions, followed by granulation or turbulence in the main flow section. These 
two forms of flow may be used to explain most of the curves obtained during 
the survey of the various polymers. 

On consideration of the primary peaks, it is suggested that emulsion-pro- 
duced polymers have lines of low resistance to shear running between the 
emulsion granules. If the polymer has been massed, these granules will be 
broken open to some extent. Also, if the polymer is linear in structure, it is 
suggested that there would be a greater tendency for granules to become uni- 
formly interlinked by heat motion. With branched chains, the granules would 
more probably retain their identity, and hence one would expect a greater ex- 
tension of slippage on the original extension, since the granules would only be 
intertangled by free ends of polymer chain, That some such correlation be- 
tween branching and time to primary peak does occur is shown by Figure 13, 
in which branching is measured by k’ determinations from dilute solution vis- 
cosity in toluene. 

As flow continues, these emulsion granules apparently tend to form larger 
aggregations, which give the appearance of turbulence of flow. The turbulence 
is not in this case precisely the same as turbulence of ordinary liquids, and the 
Reynold’s number as ordinarily used probably does not apply. However, the 
tendency of GR-S polymer to flow along certain slip planes will raise the rela- 
tive velocity of different parts of the sample to high local values and increase 


FLOW IN A MOONEY PLASTOMETER 


2 4 6 0 2 

TIME TO PEAK IN SECS. 
Figo. 13.—The variation between the branching factor *’ and the time to reach Mooney peak. The 
upper line is for plant samples, the lower line for pilot plant batches. All samples were butadiene-styrene 


copolymers with 23% bound styrene. The square points indicate samples polymerized at 55° F; all others 
were polymerized at 122° F 


the granular appearance which results. It is also suggested that increased 
branching or entanglement (looping of chains) will increase the apparent 
turbulence and so give a greater secondary rise to the shearing force. This is 
borne out by Figure 8, in which the secondary rise clearly increases with the 
increase in molecular weight (and gel content) of the polymer. 


SUMMARY 


From idealized Mooney plasticity-time curves for Butyl and GR-S synthetic 
rubber, the distinctive features of the various parts of the shearing curve are 
pointed out. Actual experimental curves are given for Butyl, GR-S, “cold 
rubber’, polyisobutylene, polybutadiene, polystyrene, and some natural-rubber 
gum stocks, For polymers which were produced in emulsion, the degree of 
branching as indicated by the Huggins k’ value seemed to be loosely correlated 
with the time to reach the primary peak in the Mooney flow curve. Cross-link- 
ing and entanglement in structure as indicated by high gel content seemed to be 
correlated with secondary rise in shearing force shown during a long test. An 
hypothesis of flow in the cavity of the Mooney machine is advanced to explain 
these phenomena, supported by drawings of cross-sections of samples run in the 
machine. According to this hypothesis, some high polymers shear in a stream- 
line fashion, others shear along certain slip planes and may even exhibit a 
mixing of parts which seems to be similar to turbulence in fluids. 
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REINFORCING EFFECT OF CONDENSATION 
POLYMERS ON RUBBER IN CONNECTION 
WITH THEIR PARTICLE SIZE * 


R. Houwink J. VAN ALPHEN 


Kusser Sricutine, Detrt, 


INTRODUCTION 


It is still an open question to what extent the reinforcing effect of a filler in 
rubber is due to physical or chemical bonds. There is abundant evidence! that 
the reinforcing effect with regard to modulus, tear strength, and abrasion resist- 
ance increases with decreasing particle size. Arguments have been brought 
forward’, however, that below a certain particle size this reinforcing effect di- 
minishes. In most of the experiments involved, carbon black has been used as a 
filler. In the present paper, data regarding the reinforcing effect of some con- 
densation resins of different particle size are presented in order to bring more 
light on these questions 


CONDENSATION POLYMERS AS REINFORCING FILLERS 
FOR RUBBER 


It has often been tried to combine synthetic resins, especially phenolformal- 


dehyde resin, with rubber’, but the results have not been encouraging‘ except 
with the aerylonitrile-butadiene polymers‘. The formation of the resin in the 
rubber® leads to more promising results. 

The formation of condensation polymers in latex has been investigated®, a 
process which has had most success in the hands of Le Bras and Piccini’, who 
reinforced objects directly prepared from latex by the formation of resorcinol- 
formaldehyde resin in latex. 

Van Alphen has shown that aminoplasts (aniline resin, melamine resin, urea 
resin) can easily be formed in stabilized latex by proper addition of the compon- 
ents of the condensation resin*. For example, for the aniline resin compounds, 
latex is stabilized with a nonionic stabilizer. By adding HCl-aniline and for- 
maldehyde, the whole mass, including the rubber, gells. It is neutralized with 
ammonia, washed, and dried. 

In this way products containing 0-100 per cent resin (calculated on total 
resin + rubber) can be prepared. As long as the resin content is between 0 
and 70 per cent, they can be worked on the mill and vuleanized like dry rubber. 
With a resin content between 0 and 30 per cent, the finished products are highly 
elastic and rubberlike, getting increasingly tough and leatherlike with more 
resin: with 60-70 per cent resin they become hard and breakable. 


THE REINFORCING EFFECT 
The use of the term “reinforcing” in rubber science is very confusing, and it 
is necessary to name exactly the specific property which is being enhanced. 


* Reprinted from the Journal of Polymer Science, Vol. 16, pages 121-130 (1955). This paper is Com- 
munication No. 283 of the Rubber Stichting 
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Thus phenolic resins when mixed in natural rubber according to the method 
of Dunlop* do enhance the modulus, but not the tear resistance’. 

On the other hand, resorcinol-formaldehyde resin when prepared in latex 
according to the method of Le Bras-Piccini’ enhances not only the modulus but 
also the tear strength of the rubber films. This reinforcement disappears for 
the greater part, however, when the rubber is deformed; the reinforced rubber 
shows a pronouneed Mullins effect". 

As already stated, aniline resin, and to « smaller extent melamine resin, 
when condensed in latex, enhance the modulus and the tear resistance of the dry 
rubber prepared from latex and worked on the mill. Figures | and 2 present 
these reinforcing actions, the Mullins effect in these cases being of the same 
order as for carbon-black mixtures. 

Reinforcing carbon blacks are known to have « particle dimension of 20-40 
my (200-400 A) and, when well dispersed, they are thus submicroscopically 


kgyer* 


Tensile strength 


Tensile strength 


| Modulus 
500%. 


Modulus 30% 


10 20 40 SO 60 70 
Melamine resin 


1.—-Teechnical properties of natural Fie. 2.--Technical properties of natural 
rubber-aniline resin compositions. rubber-melamine resin compositions 


divided in the rubber. The connection between the particle diameter of the 
filler and the reinforcement of rubber is generally appreciated"? 

Certain authors have come to the conclusion that a small amount of strong 
primary linkages between the rubber and the carbon black is also essential", 
These linkages may be formed on mastication or on vuleanization. But then 
reinforement must be a function of the total surface and of the number of pri- 
mary linkages per unit of surface. It can then be thought that a filler with a 
greater number of primary linkages per unit of surface (e.g., a resin) can be used 
in a coarser form than one in which this concentration of primary linkages is leas 
(e.g., carbon black), resulting, however, in the same reinforcing effect 

Blanchard", who also accepts that « relatively small number of strong link- 
ages induced by carbon black particles are an important factor in the reinforce- 
ment of rubber by carbon blacks, states explicitly: ‘For a given dispersion and 
concentration of filler, it is suggested that reinforcement is most likely to find 
proper expression in terms of the number of particles and the number of linkages 
per particle, both factors being functions of the particle size. One consequence 
of this theory is a limit to the advantage which can be obtained by using smaller 
particles.”’ 
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Y 


Fic. 3. Heterogeneous mixture of rubber Fic. 4.—Homogeneous mixture (partially 
and cyclized rubber (milled) eyclized rubber). 


RESIN REINFORCEMENT 


The above suggestion about a limit of the advantage of using smaller parti- 
cles was confirmed for resins in the following way. 


CYCLIZED RUBBER 


When natural rubber in the form of latex is treated with concentrated sulfuric 
acid, the rubber is eyelized, the latex globules being transformed into resin 
particles with a diameter of about 1 w (= 10* A.), which can be used as a rein- 
forcing filler (regarding modulus and hardness) in ordinary rubber". 

A rubber reinforced by addition of this ceyclorubber will present, after mill- 
ing, a rather coarse heterogeneous mixture containing resin particles of presum- 
ably 1 w diameter (see Figure 3). 

One can make a rubber with about the same (total) degree of cyclization 
from latex by partly cyclizing the rubber by a short treatment with sulfuric 
acid’, Since this product cannot be separated in different fractions, we must 
assume that the molecules of the rubber themselves have partly been mutually 
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Fia. 5.—- Rebound-temperature functions of natural rubber and three cyclized 
rubbers prepared from latex 
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Fia, 6.—Rebound-temperature curve: for 100/50 compounds of rubber and cyclized rubber (full line), 
i rubber and high styrene resin (dashed line) and for an 80/20 compound of rubber and aniline resin (dotted 
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interlinked during the cyclization process; they will presumably consist of un- 
cyclized parts of the chains and cyclized parts as presented by Figure 4; some 
of the cyclized parts may act as the interlinking bridges. We will call this a 
homogeneous distribution (homogeneous on a molecular scale). 

A confirmation of these theories concerning the structures of these products 
is Obtained, when plotting the rebound elasticity (Lupke resilience) against 
temperature for both products. 

As can be seen from Figure 5, natural rubber has only one minimum in the 
rebound, namely, at ~—31° C, and on cyclizing the rubber according to Figure 
4, this minimum shifts to higher temperatures. 

If, however, one makes a heterogeneous mixture of rubber according to 
Figure 3, this mixture shows two minima (Figure 6). The same applies to a 
mixture of rubber and polystyrene resin'®. Each minimum presumably ecor- 
responds to certain physical changes in one of the components. 

Thus it is felt that the heterogeneous compound can be described as consist- 
ing of relatively large resin particles of, say, 10* A diameter embedded in the 
rubber macromolecules with a diameter of 5 A and a length of about 2.10 A 
(for a molecular weight of 350,000). 


Taste | 
Comparison oF Turee VuLcANizep RupBERS 


Hetero- Homo- 

geneois geneous Unrein- 

mixt mixt foreed 

with 20% (Pigure 4), rubber 
cyclized of (for 

rubber eyelization compan- 
Test (Figure 3) 22.5% son) 
Modulus at 300% (kg./cm.) KY 24 19 
Tensile strength (kg./cm.’) 286 26 $21 
Elongation at break (%) 564 $25 730 
Tear strength, Delft method (kg./cm.*) 82 13 57 
Hardness (Shore A) 56 45 340 
Elasticity (Shore) W” 52 93 
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bia, 7.~Rubber aniline resin compound 


Table I shows that, from a mechanical point of view, the heterogeneous 
mixture is preferable to the homogeneous partly cyclized rubber mixture, a 
point which could hardly be predicted, but which confirms Blanchard’s theory 
that the size of the reinforcing particles shall surpass a minimum, 


ANILINE RESINS 


For reinforcing resins like aniline resin, prepared in latex, there are reasons 
to assume that these resin particles are bound to the rubber molecules by 
chemical bonds, although of course there will be no stoichiometric relation be- 
tween the resin and the rubber. 

One of the reasons is that rubber in latex can react with formaldehyde in 
hydrochloric acid'*. The formation of bridges between the aniline resin and 
the rubber molecules by means of the formaldehyde molecules already bound to 
the rubber is very plausible, since the rubber can no longer be extracted from the 
unvuleanized product (gel formation). Schematically such a rubber-resin 
compound can be presented by Figure 7. 

When this heterogeneous resin-rubber compound is plasticized, about half 
of the rubber can be extracted from a material originally containing 30 per cent 
resin (Figure 8). This leads to the assumption that part of the rubber is torn 
off from the resin (Figure 9) during the mastication process. That the remain- 
ing gel content of the plasticized rubber is not due to an inclusion of the rubber 


in ‘ceages’’ of resin follows from the observation that, from a plasticized rubber- 
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Fie. 9.—Rubber-aniline resin compound (plasticized) 


urea-resin compound prepared in the same way as an aniline resin compound, 
nearly all the rubber can be extracted (Figure 8). As a matter of fact, urea 
resin does not reinforce rubber as well as aniline resin does'’, and this is a con- 
firmation of the theory that chemical bonds can help'* in creating a reinforcing 
effect (it has still not yet been proved that chemical bonds are necessary for 
producing reinforcement, as claimed by Stearns and Johnson"). 

A further argument in favor of the binding of rubber to the aniline resin is 
found in the fact that the latter, when prepared in stabilized latex, precipitates 
the latex: even the formation of as small an amount as 0.5 per cent aniline resin 
in 60 per cent latex stabilized with Emulphor-O precipitates the rubber com- 
pletely. 

During the formation of the resin in the squeous phase of the latex, it is 
supposed to build up a somewhat cagelike structure, something like presented 
in detail by Figure 10. These resin particles are relatively large and can be 
seen by means of an ordinary microscope (Figure 11)". It can be understood 
that this rigid structure reinforces latex films (compare resorcinol-formaldehyde 
resin), but once this structure has been broken by deformations, a large part of 
the reinforcement will disappear irreversibly. 

There is evidence that, after breaking such a structure, parts of it will be 
orientated in the direction of stretching, causing anisotropy (Figure 12). 

After plasticizing on the mill, the structure will be broken completely, and 
it will then not be mainly the shape of the resin particles which determines the 
properties of the compound, but the properties of the particles themselves, e.g., 
their hardness. This is shown by plotting the mechanical loss factor 6 (measure 


Fic. 10.—Schematic picture of a latex film Fra. 11.—Latex film containing 30 per cent 
containing 10 per cent resorcinol-formaldehyde aniline resin dyed with iodine in benzene. % inch 
resin. % inch = 1000 my - 104 
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Fic. 12.--Latex film with 20 per cent resorcinol-formaldehyde resin 
end torn by hand 


for hysteresis losses on vibration) vs. temperature for natural rubber containing 
aniline resin (plasticized on the mill) and a similar mixture, containing poly- 
styrene resin (Figure 13)”. 

The curve of the polystyrene mixture shows a peak at about 80° C, coineid- 
ing with the minima in the temperature rebound curves of polystyrene resin- 
rubber and cyclized rubber-rubber compounds (Figure 6). This peak in the 
tan 6-temperature curve and the corresponding minima in the temperature- 
rebound curves are ascribed to the fact that polystyrene resin and also cyclized 
rubber are thermoplastic materials, passing their second-order transition point 
at this temperature, contrary to aniline resin, which does not soften at tempera- 
tures below 300° C. 

That reinforcement of rubber by resins is connected with the hardness of 
the resin particles follows from the experimental fact that, by lowering the 
hardness of the aniline resin, the reinforcing effect with regard to the modulus 
or the hardness also diminishes. This lowering of the hardness can be brought 
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Fic. 13.-—Loss factor tan vs. temperature. 
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about by using less than 1.5 mole formaldehyde on 1 mole aniline in the prepa- 
ration, giving products softening at lower temperatures or by replacing part 
of the whole of the aniline by para-substituted anilines as p-toluidine or p-tert- 
butylaniline. In both cases the reinforcing effect diminishes. 

That, on the other hand, the reinforcing effect can also be connected with 
the formation of chemical bonds can be proved by adding the hard thermo- 
setting material; urea resin. When prepared in latex, its reinforcing properties 
on rubber are fairly poor. (Modulus at 300% elongation of 30° urea-resin- 
rubber 59 kg./cm.* against 186 kg./em.? for 30% aniline resin rubber.) Parallel! 
with this its bound rubber content is very low (Figure 8). 

Thus one comes to the conclusion that, for a noticeable reinforcement by 
resins, chemical bonds between the rubber and the resin particle are desirable. 
In the case of the condensation resins discussed, the free basic NH, group is of 
great importance for the formation of such chemical bonds. As a confirmation 
of this hypothesis, one can consider the fact that melamine resin reinforces rub- 
ber nearly as well as aniline resin (Figure 2), but that replacement of part of the 
aniline by N-methylaniline, and still more by NV,N-methylaniline, lowers the 
modulus, hardness, and abrasion resistance. 
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EFFECT OF HEAT TREATMENT ON REINFORCING 
PROPERTIES OF CARBON BLACK * 


W. D. Scuaerrer anv W. R. Smiru 


Govrury L. Canor, Iyc., Campatpar, Mass. 


The effect of progressive heat treatment from 1000° to 3000° C on the 
structure and surface composition of a series of commercial carbon blacks has 
been described'. Treatment in this temperature range first removes chemically 
combined oxygen and hydrogen, and it may safely be assumed that above 
1500° C the carbon surface is essentially bare. The area of the carbon blacks, 
determined by nitrogen adsorption, and the particle size observed under the 
electron microscope, are not significantly altered by this treatment. However, 
x-ray diffraction measurements reveal that the size and eventually the ordering 
of the quasi-graphitic parallel layer groups? composing the carbon black particles 
increase with increasing temperature’. The extent of graphitization or internal 
growth and ordering depends on the particle size of the black. The degree of 
graphitization increases with particle size. These data are summarized in 
Table I. Beebe and Young’ have measured heats of adsorption of argon for 
the series of heat-treated MPC blacks used in this study and report a progressive 
change toward a more uniform and less active surface with increasing degree of 
graphitization. Argon adsorption isotherms of the series of heat-treated SFR 
and FT samples suggest a similar transition‘. 

The present paper reports the change of properties which semireinforcing 
and fully reinforcing blacks, graphitized to varying degrees, display when 
compounded in natural rubber. 


EXPERIMENTAL 


The induction furnace and procedures for heat-treating the carbon blacks 
have been described'. The carbon blacks (except the FT grade) were all in 
the pelleted form. Their properties are reported in Table I. 

All stocks were mixed in a Type B Banbury mixer and sheeted on a 6-inch 
roll mill. In general, 1000-gram batches were prepared. All batches were 
mixed from a single lot of No. 1 natural rubber (smoked sheet) in the recipe 
given in Table II. In the case of the slower curing untreated channel blacks, 
0.8 part of accelerator was employed. This was decreased to 0.5 part for the 
furnace- and heat-treated black compounds. The T-50 data indicated that 
about identical cure rates were attained for all Spheron-6 compounds and 
comparable Vulcan-3 compounds. Compounds containing coarser particle 
size Sterling-S and Sterling-FT blacks had consistently lower T-50 values. All 
stocks were cured at 15, 30, 60, and 90 minutes at 280° F. All stress-strain 
data reported are for optimum cures. With the exception of the 60-minute 
cures for the untreated channel blacks, this optimum generally occurred at 30 
minutes. 


* Reprinted from Industrial and Engineering Chemistry, Vol. 47, No. 6, pages 1286-1290, June 1955. 
This paper was presented in pte before the Division of Rubber Chemistry at the 124th Meeting of the 
American Chemical Society, Chicago, Ilinois, September 7-11, 1953. 
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Il 
Compounpine Recipe 
Ingredients 


No. 1 smoked sheet 
Carbon black 
Stearic acid 

Zine oxide 

Sulfur 

Agerite Hipar 
Santocure 


* 0.8 part Santocure used in batches containing original Spheron-6. 


RESULTS AND DISCUSSION 


Stress-strain curves for the vuleanizates containing 50 parts of the reinforc- 
ing blacks Spheron-6 (MPC) and Vulean-3 (HAF) and for similar vulcanizates 
containing the same blacks after heat treatment are reproduced in Figure 1. 
The most striking effect produced by heat treatment of the carbon black is a 
drastic reduction of modulus. With the fully reinforcing carbons, this reduc- 
tion is evident in the 1000° to 1500° C range. Heating these blacks higher, 
i.e., to 2700° C, produces no further decrease of modulus. In the case of the 
semireinforcing carbon Sterling-S (SRF), however, a further slight decrease 
can be obtained by heating the black to 2000° C, as illustrated in Figure 2. 
With the coarser thermal black, Sterling-FT, there is little change of modulus 
on heating to 1500°C. The marked change occurs at the 1500° to 2000° level. 


With the exception of the HAF black (Vulean-3), there appears to be no 
significant loss of tensile strength with heat treatment. This is in line with 
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Fie. 1. -Stress-strain curves of rubber compounds containing heat-treated 
MPC and HAF blacks 
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Fic, 2.—BStress-strain curves of rubber pounds containing heat-treated 
SRF and FT blacks. 


generally accepted opinion that tensile strength is primarily a matter of particle 
size of the black, which is not significantly altered by heat treatment. The loss 
of tensile strength displayed by the treated HAF black may possibly be as- 
sociated with some degree of sintering of the particles on heat treatment, al- 
though why it should be so pronounced in this case and not with the channel 
black is not clear. 

Turning to the drop of modulus occasioned by heat treatment of carbon 
black, the question of paramount interest concerns the change of property of 
the carbon responsible for this decrease. Heating the blacks over the temper- 
ature range 1000° to 2700° C has progressively driven the combined oxygen and 
hydrogen from the surface of the blacks, and, in addition, has induced some 
internal ordering or graphitization of the blacks. These effects are shown in 
Figures 4, 5, and 6 of the earlier publication’. As a measure of the degree of 
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CRYSTALLITE DIMENSIONS 
Fic. 3.—-Effect of crystallite dimensions on modulus at 400% elongation 
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graphitization, the average dimensions, L, and L, may be employed. These 
dimensions, derived from x-ray diffraction measurements, indicate the average 
thickness or number of platelets per parallel layer group, and the average size 
of the platelets, respectively. Both increase with increasing treatment 
temperature, as shown in Table I. 

In Figure 3 the modulus at 400 per cent elongation of all stocks studied is 
plotted against the corresponding L, and L, dimensions of the carbons. The 
striking feature is that the major loss of modulus occurs at low temperatures, 
where graphitizfiation has not advanced significantly. The slope changes 
sharply at L, and L, values of around 50 and 30 A, respectively, and, from here 
on, loss of modulus is not pronounced. From this it may be concluded that the 
degree of graphitization is not a primary factor in determining the stiffening or 
modulus properties of carbon black compounds. Referring to Table I, it may 
be noted that L, values of 50 A are attained at 1500° C. At this temperature 
all carbon blacks are essentially free of combined oxygen and hydrogen’. 
Ultimate analyses have confirmed this’. Loss of volatile, particularly com- 
bined hydrogen, is evidently a prerequisite for graphitization*. Accordingly, 
it must be concluded that the decrease of modulus properties noted on heating 
to 1000° to 1500° is associated principally with removal of surface hydrogen. 
The implication is that the outstanding modulus properties which carbon black 
displays over other filler pigments is due to some type of undefined association 
between the rubber molecule and a thermally unstable component on the 
surface of the black. 

Smallwood has derived the expression®: M = M,(1 + 2.5 V), to deseribe 
the modulus of a system consisting of an elastomer with gum modulus M, and 
containing V volume-per cent of filler. He observed that, with reinforcing 
carbon blacks, the observed values were much higher than those predicted by 
this equation. Guth* introduced higher terms and a shape factor to account 
for the discrepancy. It is interesting to note in Figure 3 that the values of all 
stocks containing carbon blacks heated to 1500° C and higher are, with the 
exception of the HAF stock, of the order predicted by Smallwood’s expression. 
The gum stock modulus, Mo, is about 500 pounds at 400 per cent elongation. 
All stocks had an equal black loading of 50 parts per 100 of rubber; thus, V is of 
the order of 20 per cent. Accordingly, the classical stiffening computed from 
Smallwood’s expression is 750 pounds per square inch. With the exception of 
the HAF stocks, all other blacks heated above 1500° C have 400 per cent 
moduhi, falling in the range 900 to 500 pounds per square inch. In view of the 
fact that a 50-part black loading and 400 per cent elongation exceed the re- 
strictions of Smallwood’s expression, these rough calculations cannot be ac- 
cepted in any quantitative sense. They are, however, adequate to indicate 
that the anomalous stiffening effect displayed by the carbon black originally 
studied by Smallwood is due to an enhanced carbon-to-rubber association. 
When the source of this association, the chemisorbed hydrogen, is removed by 
heat treatment, the predicted classical stiffening effect is approached. 

The fully reinforcing furnace black (HAF) is unusual in this regard. The 
modulus properties of this grade of black are not readily destroyed by calcina- 
tion; as shown in Figure 3, even after heat treatment to 2700° C, they are still 
capable of producing a 1600-pound modulus at 400 per cent elongation. This 
modulus cannot be ascribed to volatile matter, and a possible interpretation 
may involve the fact that HAF blacks possess a greater degree of particle-to- 
particle association or “structure” than other blacks. This structure is not 
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Fia. 4.—Effect of carbon black heat treatment on rubber properties. 
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destroyed by heat treatment. In this instance the high residual modulus may 
well be accounted for on the basis of a shape factor as suggested by Guth’. 
This interpretation, however, must be accepted with caution, in view of the 
fact that the resistivity data of Figure 6 show the heat-treated HAF black 
stocks to be higher in resistivity than the MPC stocks. If the former possessed 
a higher degree of structure, a lower resistivity might be anticipated. 
Standard laboratory test data were collected on all vulcanizates"®. In gen- 
eral, the results were much less striking than those observed for modulus 
properties. Shore hardness showed no significant change with increasing heat 
treatment of the blacks. Tear resistance and resilience properties decreased 
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5. -Mooney viscosity and scorch point of rubber compounds containing heat-treated 
MPC and HAF blacks. 


slightly, while permanent set showed a slight increase. Torsional hysteresis 
went through a slight maximum for stocks loaded with blacks treated at 1500° C. 
These results are summarized in Figure 4. 

Mooney viscosity data reproduced in Figure 5 show only a slight increase. 
An unexpected result was obtained when the Mooney scorch time of the stocks 
containing the heat-treated blacks was measured. These data are also pre- 
sented in Figure 5. The “seorch’’ properties, or premature vulcanization, 
which furnace blacks display in rubber stocks are usually associated with their 
low volatile content. Thus, as may be observed in Figure 5, the unheated HAF 
black with a volatile content of only | per cent had a scorch time of 20 minutes, 
while the MPC black with a volatile content of 5 per cent had a scorch time of 
27 minutes. The scorch time of a furnace black can be improved by increasing 
its volatile content by air aftertreatment". By the same token, it would be 
anticipated that removal of volatile matter from a black should decrease the 
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time required to scorch. Surprisingly enough, the authors’ data indicate quite 
the reverse; when both the chemisorbed oxygen and hydrogen are completely 
removed by heating to 1500° C, the time required to scorch actually increases, 
The data shown in Figure 5 are for only the HAF and EPC stocks; however, 
similar results were found for the other blacks. Tentatively, the results can be 
explained by assuming that the combined hydrogen on the surface of the black 
accelerates vulcanization and that effect of combined oxygen is one of removing 
or neutralizing active surface hydrogen. When any black is heated to 2000° C, 
an essentially bare carbon surface is obtained, and the scorch and cure time of 
all blacks should be essentially the same. Data in Figure 5 indicate this to be 
the case. 


RESISTIVITY, OHM-CM. 


1000° 2000° C. 
TREATMENT TEMPERATURE 


Fig. 6.——Direct current resistivity of rabber compounds containing heat-treated carbon blacks 


In an earlier publication! describing the preparation and properties of heat- 
treated carbon blacks, the direct current resistivity of all heat-treated carbon 
blacks passed through a minimum at 1500° C. The major decrease of resist- 
ance coincided with cleaning all chemisorbed oxygen and hydrogen from the 
surface, i.e., heating at 1000° to 1500° C. The increase of resistivity noted on 
heating to 1500° to 2000° was associated with internal crystallite growth and a 
decrease of the number of contacts within the particle. In these measurements, 
made on the dry black, the coarsest blacks developed the lowest resistivity on 
heat treatment. In the present work, the resistivity of natural rubber vul- 
canizates containing 50 parts of these same blacks has been measured. The 
results are presented in Figure 6. Here the observations with regard to con- 
ductance and particle size are reversed. The coarsest black, which in the dry 
state showed the minimum resistance, produces vulcanizates of the highest 
resistance. This result, of course, is not unexpected. It does, however, 
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emphasize the fact that, in a carbon-loaded vulcanizate, the number of carbon- 
to-carbon contacts, or conducting paths, is of primary significance. Presum- 
ably if it were possible to load a rubber stock high enough to approach closest 
packing of carbon particles, the effect of particle size would disappear, and the 
conductance of the carbon itself would determine resistivity. 

The question of paramount interest is the effect of heat treatment of carbon 
black on its ability to impart abrasion resistance to rubber. In view of the 
drastic reduction of modulus which seems to follow the removal of surface 
chemisorbed hydrogen, one might anticipate an equally drastic reduction of 
resistance to abrasive wear if modulus does indeed play a dominant role in 
rubber reinforcement. Since the heat treatment of these blacks was carried 
out in a laboratory induction furnace, the quantity of black available for 
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hia. 7.--Abrasion loss of rubber compounds containing heat-treated carbon blacks. 


abrasion testing was necessarily limited. Consequently, most of the study was 
confined to laboratory evaluation on the Akron angle abrader. Some of the 
results are presented in Figure 7. Neither the FT nor SRF grades of carbon 
black showed any very significant change of abrasion properties on heat treat- 
ment. This was not unexpected, since these blacks are not considered to be 
fully reinforcing. However, the laboratory data on the fully reinforcing MPC 
and HAF grades were somewhat unexpected. The MPC black did not show 
significant change of abrasion loss on heat treatment. The maximum spread 
in hardness of the MPC stocks was only one Shore point, and, in the case of 
the HAF stocks, the spread was but two points. However, results obtained 
on a laboratory angle abrader often bear little relation to the results obtained 
in actual tire performance. The Lambourn abrader is held in much higher 
regard"*®. Samples of MPC and MPC heated to 2700° C were evaluated by 
Parkinson, who reports a wear rating of 70 per cent for the vulcanizates con- 
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taining the 2700° sample, based on 100 per cent for the original MPC. Juve" 
reports a wear rating of 71 per cent for the heat-treated black based on 100 per 
cent for the original MPC. Electron-microscope examination of these treads 
showed about equivalent dispersion of the blacks. The 70 per cent ratings 
must, of course, be accepted over the laboratory abrasion data presented in 
Figure 7. 

While the present data, particularly with regard to abrasion resistance, are 
inadequate, they demonstrate that the chemical nature of the carbon black 
surface is the major factor in determining modulus, curing properties, and 
electrical conductivity of carbon-reinforced vuleanizates. On the other hand, 
when one considers reinforcement in terms of resistance to abrasive wear, it 
appears that the major factor is particle size of the carbon black. 


SUMMARY 


The high degree of stiffness or modulus which reinforcing carbon blacks im- 
part to rubber has often been associated with reinforcement. Modulus appears 
to be associated with the chemical nature of the carbon black surface; when the 
carbon black surface is cleaned of combined oxygen and hydrogen, a drastic drop 
in modulus occurs, and this is not accompanied by an equally drastic decrease 
in tire road wear. 

Reinforcing and semireinforecing carbon blacks have been heat-treated at 
successive increments through a temperature range of 1000° to 2700° C. ‘Treat- 
ment up to 1500° results in removal of all combined oxygen and hydrogen, 
followed by an increasing degree of graphitization at higher temperatures. 
These carbon blacks have been compounded in a standard natural-rubber com- 
pound and properties evaluated. 

Modulus is profoundly altered by the chemistry of the carbon surface. 
Electrical resistivity passes through a minimum at 1500° C. Scorchiness or 
premature vulcanization improves with removal of volatile matter. The 
degree of graphitization of the carbon has only a minor effect on rubber proper- 
ties. A highly graphitized carbon black still imparts a high degree of resist- 
ance to abrasive wear to tire treads. 
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GEL STRUCTURE. VI. PREPARATION OF GELS AND 
GLOBULAR STRUCTURES FROM RUBBERS BY 
VULCANIZATION OF SOLUTIONS * 


P. I. Zunov, Z. N. Zaurxina, V. A. KaraGin 


Kanrov Iwerrrute or Curmistry, Moscow, USSR 


The present article describes experimental results obtained in a study of the 
properties of gels and globular structures formed from natural rubber (smoked 
sheet) and synthetic rubber (polybutadiene). These experiments were in- 
spired primarily by the necessity of developing a method of judging the structure 
of the molecules of various elastomers. The solution of this problem is of great 
practical importance, since many properties of elastomers are determined by the 
nature of the structure of their molecules. 

In our studies of the mechanism of formation of protein gels', it was shown 
that gels have various relaxation properties during deformation, depending on 
the concentration. Larger mechanical losses take place in concentrated gels 
than in dilute gels. However, it can be assumed that the relaxation processes 
depend, not only on the concentration, but also on the molecular structure of 
the gel-forming substance. In particular, gels prepared from polymers con- 
taining side chains must have a wider range of relaxation periods than those 
prepared from linear polymers. 

Rubber gels were prepared by vulcanization of 20 per cent toluene solutions 
of rubber with sulfur monochloride (3 per cent of weight of the rubber) at room 
temperature. Before being dissolved, the rubbers were masticated about 5 
minutes on a cold mill. The toluene was first dried on calcium chloride and 
distilled ; the sulfur monochloride was saturated with sulfur and distilled over 
the excess sulfur. A 4 per cent solution of sulfur monochloride in toluene was 
used to prepare the gels. 

After the sulfur monochloride solution was added to the rubber solution, 
the mixture was carefully stirred and poured into aluminum beakers in which 
the mechanical tests of the gels formed were then made. This was usually done 
the next day after their preparation. In order to prevent evaporation, the 
beakers containing the gels were kept in a pan of glycerol, with a glass cover, 
until they were tested. For the same reason, glycerol was added to the 
beakers of gels during measurement of deformation at temperatures above 
25° C 

The mechanical properties of the rubber gels, like those of gelatin gels studied 
earlier’, were measured with an Aleksandrov-Gaev frequency apparatus. 

Figures | and 2 show data on the temperature relation of the deformation of 
gels of natural and synthetic rubbers. It is seen from the figures that the de- 
formation of a gel of natural rubber begins to develop at about —50° C; at 
higher temperatures, a rapid increase of the deformation independent of the 
rate of the deforming force is observed; at —30° C, the deformation reaches a 
maximum value, which remains almost constant to 100° C 


* Translated for Russexn Curmtarny ano Trennotooy from the Kolloidnyi Zhurnal, Vol. 16, No. 5 
pages 345-340 (1054) 
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Fig. 1.—Deformation of gels of natural rubber: measured at four frequencies (oscillations per 


minute): (1) 1000, (2) 100, (3) 10, (4) 1 The ordinate indicates ¢, the abscissa the temperature 


The absence of elasticity in gels of natural rubber at temperatures below 
— 50° C was evidently caused by crystallization of the rubber. The abrupt 
rise of the deformation-temperature curve at about — 50° C is due to fusion of 
the rubber and conversion of the system into the high-elastic state. Con- 
sequently, gels of natural rubber behave just like dilute gelatin gels treated with 
quinone, that is, throughout the temperature range the frequency relation is 
practically absent. 

A different picture is observed in the deformation of a gel prepared from a 
solution of polybutadiene rubber (SK-B). The appearance of deformation in 
this gel begins at about —100° C. The deformation has a pronounced relaxa- 
tion character. When the temperature increases, the relation of the magnitude 
of the deformation to the rate of deformation at first increases and then falls 
At a temperature of about 50° C, large relaxation periods disappear almost 
completely. This type of deformation of gel is evidently related to side-chain 
formation in the macromolecules of the polybutadiene rubber. Thus, on the 
basis of the study of the mechanical properties of gels, it is possible to determine 
differences in the formation of the chain molecules of natural and synthetic 
rubbers. Side-chain formation in the polymer molecules must be reflected not 
solely in the nature of the intermolecular reaction. This characteristic struc- 
ture of the macromolecules naturally must also appear in intramolecular reac- 
tions, that is, in the formation of globular structures. The linear side-chain 
structure of the molecules must be reflected in the specific volume and shape of 
the globules formed. 

In order to verify these assumptions, we set up experiments on the prepara- 
tion of globular structures from natural and synthetic rubbers. The degree of 
globulization was determined by measuring the viscosity of rubber solutions 
during vulcanization. 


50" a 
Deformation of gels of synthetic rubber: measured at four frequencies (oscillations per minute 
(1) 1000, (2) 100, (3) 10, (4) 1. The ordinate indicates «; the absciasa the temperature 
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Fic. 3.—-Relation of concentration to the viscosity of solutions of globular slightly milled rubbers: (1) 
Natural rubber + 500 per cent ByCli; (2) Natural rubber + 50 per cent 8rCls; (3) Synthetic rubber (SKR) 
+ 500 per cent BrCl, The ordinate indicates the specific viscosity mp; the absciasa the % concentration. 


In distinction from albumins?, the intermolecular reaction leading to the 
formation of globular structures in the case of rubbers was effected by vulcaniza- 
tion of 0.16 per cent toluene solutions of natural and synthetic rubbers at 95° C 
with sulfur monochloride. The toluene and sulfur monochloride were purified, 
just as in the study of gels. Both the kinetics of formation of globular struc- 
tures and the relation of the concentration to the viscosity of solutions of globu- 
lar rubbers were studied. 

The influence of the proportion of sulfur monochloride and the molecular 
weight of the natural rubber on globulization were also investigated. Natural 
rubbers of various molecular weights were obtained by varying the time of 
mastication. In order to determine the relation between concentration and 
viscosity, solutions of globular rubbers were concentrated in a vacuum at 
40-45° C, and their viscosities as a function of the dilution were measured. 

As is seen from Figures 3 and 4, solutions of natural rubber, regardless of the 
molecular weight of the original rubber and the proportion of sulfur mono- 
chloride, maintain a linear relation between concentration and viscosity up to a 
concentration of approximately 1 per cent, and solutions of polybutadiene 
rubber up to 0.4 per cent. The data obtained can be explained by the fact 
that the globules formed from the flexible, linear natural-rubber molecules are 
more similar to spherical particles than the synthetic-rubber globules. 
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Fic. 4.—Kelation of concentration to the viscosity of globular rubbers: (1) Natural rubber slightly 
milled + 500 per cent BrCl; (2) Natural rubber highly milled + 500 % SrCl:. The ordinate indicates the 
epecific viscosity mp, the absciasa the % concentration. 
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Fia. 5.—Kinetics of globulization of solutions of natural rubber in the presence of 1 to 500% SeCls (2), 
and change of the viscosity of solutions in the absence of S:Cly (1). The ordinate indicates the «pectiic 
viscosity tp; the abscissa the time of heating in hours. 


The kinetics of formation of globular systems was studied by the following 
method. After the viscosity of the original solution was measured, a 20 per 
cent toluene solution of sulfur monochloride was added to it and the mixture 
was carefully stirred ; then the viscosity of the mixture was measured. Follow- 
ing this, the solution was heated to 95° C, and its viscosity was measured at 
intervals. The solution was heated until a definite viscosity was established. 

The data in Figures 5 and 6 show that the addition of sulfur monochloride 
to solutions of natural rubber causes a sharp drop of viscosity ; the limiting value 
of the viscosity does not depend on the molecular weight of the rubber, nor on 
‘the proportion of sulfur monochloride. This indicates that the globules formed 
from natural rubber have a constant specific volume. A higher viscosity is 
obtained under similar conditions with solutions of synthetic rubber; this is 
evidently due to the more fragile packing of the globules. 

In the case of synthetic rubber, the maximum value of the viscosity is 
established after a longer period. It is seen from Figure 5 that, during heating 
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Fic. 6.—Kineties of globulization of solutions of natural rubber in the presence of BrCli; (2) 1%. (4) 
10%, (4) 100%, and change of viscosity of solution in the absence of SxCl, (1). The ordinate indicates 
the specific viscosity mp; the abscissa the time of heating in hours 
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Fic. 7.—-Diagram of the vacuum viscometer. The side-tube (sealed at b) leads to the vacuum pump. 


of solutions of natural rubber which contain no sulfur monochloride, a certain 
decrease of viscosity is also observed. In this case, the decrease of viscosity is 
caused by the destruction of the natural-rubber molecules as a result of their 
reaction with atmospheric oxygen. 
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Fic. & — Kinetics of globulization of rubber solutions. The ordinate indicates the specific viscosity mp; the 
abscissa the time of heating in hours. The block data on the diagram are as follows: 


Natural SK-B 
Natural SK-B rubber rubber 
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In order to exclude the influence of oxygen, we made experiments in the 
absence of air. Viscometers which make it possible to study the kinetics of the 
formation of globular rubbers in the complete absence of air were constructed 
for this purpose. A diagram of a vacuum viscometer is shown in Figure 7 

The method of working with vacuum viscometers was as follows. The 
rubber solution and the sulfur monochloride solution (10 per cent 8,Cl, by 
weight of rubber) were poured into the ampoule of the viscometer through the 
side-tube a. After the side-tube was sealed, the air was eliminated with a high- 
vacuum apparatus by repeated freezing and thawing of the solution with liquid 
nitrogen. Then the viscometer was removed from the vacuum apparatus by 
resoldering the connecting tube 6 and was transferred to a thermostat for the 
measurement of the viscosity. The first measurement of viscosity was made 
before heating and the following measurements after heating at 95° C. 

Figure 8 shows data for the change of viscosity of natural-rubber and poly- 
butadiene synthetic-rubber solutions, with and without added sulfur mono- 
chloride, as a function of the time of heating at 95° C in the presence and in the 
absence of air. It is seen from these data that sulfur monochloride causes a 
decrease in the viscosity of natural-rubber solutions, both in the presence or 
absence of air. The greater decrease of viscosity of solutions of natural rubber 
in the presence of air and sulfur monochloride is evidently due, not only to 
globulization, but also to destruction of the molecules of natural rubber caused 
by atmospheric oxygen. 

In polybutadiene rubber solutions, the decrease of viscosity during vulcaniz- 
ation in air is very small, and is not observed at all after the elimination of air. 
On the basis of these data, one can conclude that the intramolecular reactions 
(globulization of the molecules) do not take place in solutions of synthetic 
rubbers. 
CONCLUSIONS 
1. The mechanical properties of gels prepared from solutions of natural 
rubber and synthetic rubber were studied. 

2. It was established that gels of synthetic rubber (polybutadiene rubber) 
have a wide range of relaxation periods. Gels of natural rubber (smoked sheet) 
behave like ideally elastic substances, following Hooke’s law in the change of 
rate of deformation by 1000 times. 

3. The viscosity of solutions of natural rubber and of polybutiadiene rubber 
in the presence of sulfur monochloride was studied. 

4. We observed that sulfur monochloride sharply decreases the viscosity of 
natural rubber solutions and has almost no influence on the viscosity of syn- 
thetic rubber solutions. 
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CHLORINATION OF RUBBER AND SOME PRODUCTS 
OF ITS PARTIAL CHLORINATION * 
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By the prolonged action of chlorine, rubber is converted into a hard white 
product which is quite inelastic and is characterized by its remarkable stability 
toward heat and chemical reagents. At the present time this product, which 
analyzes 65.5 per cent chlorine and conforms to the empirical composition’, 
(CyoH;Cly),, is believed to have, not the straight-chain structure of rubber 
itself, but a cyclic structure’. 

Although numerous investigations have been carried out to throw light on 
the mechanism of chlorination, the mechanism is still not well understood, 
particularly with respect to any cyclization reactions which may occur. The 
present author has taken up the study of the chlorination of rubber and of 
partially chlorinated products by both physical and chemical methods, includ- 
ing fractionation, chlorine analyses, viscometry, osmometry, infrared analysis, 
and the reactivity of the chlorinated rubber products to aniline’. 


PREPARATION OF PARTIALLY CHLORINATED PRODUCTS. 
PURIFICATION AND FRACTIONATION 

A series of samples of partially chlorinated rubbers were prepared by the 
controlled action of chlorine (diluted with nitrogen twenty-fold by volume) on 
1.5 per cent solutions of rubber in carbon tetrachloride’. These operations 
covered a period of two hours at about 25° C. The approximate quantity of 
chlorine reacting to obtain a product of given chlorine content was calculated 
from the reactions proposed by Bloomfield! : 


+ 2Cl, ——+ —CyoHCl,— + 2HCI 
+ 2Cl, —C oH HCl 
CyoHysCl, + 2Cl, + 2HCI 


After precipitation by alcohol and solution in toluene, the products were 
fractionated by successive additions of methanol or ethanol. Because of their 
poor stability, the partially chlorinated rubber products, which are preserved in 
solution in carbon disulfide, should be studied promptly. 


DEGREE OF HOMOGENEITY OF THE PARTIALLY 
CHLORINATED RUBBER PRODUCTS 
The chlorine contents of the various fractions of partially chlorinated rubbers 
were determined by semimicroanalysis according to the method of Parr‘ (see 
Table 1). 
Translated for Kussen Cuemisray from the Revue Générale du Caoutchoue, Vol. 
32, No. 3, pages 220-236, March 1955 
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TABLE | 


Weight Chlorine content 
Fraction (in grams) (%) 

Sample 1 2 3 

8.93 9.2 (mean) 


F 1 1.13 K 

F 2 2.63 5.3 
F 3 2.95 7 
F4 2.22 


10.41 17.4 (mean) 


3.38 33 
4.05 9 
1.95 12 
1.03 8.5 


26 (mean) 


18 


11 
F2 3 
4 


16.67 28.3 (mean) 


Fl 12 $2 
F 2 2.75 21.5 
F3 1,92 M4 


19.02 36 


3.17 56 
2 5.30 $6.2 
3 

4 


4.90 56.1 
2.65 36.1 
3 


l 38.5 
"2 4.27 39 

3 

4 


7.34 49 
48 


44 


F 44.5 
F 2 2.90 44.4 
F 3 4.63 44.5 
F4 ‘ 45 


The first four samples were highly heterogeneous in chemical composition, 
but all contained an initial fraction showing by analysis 31-33 per cent chlorine, 
in contrast to products which are often much less chlorinated. Furthermore, 
the initial fraction of each of the samples represented 12.6, 32.4, 61, and 72 per 
cent, respectively, by weight of the total product of samples I-IV, containing 
9.2, 17.4, 26, and 28.3 per cent, respectively, total chlorine. By extrapolation 
of these results as a function of the mean chlorine content of the corresponding 
partially chlorinated rubbers, it was found that, around 34-35 per cent chlorine, 
the initial fraction represented the total chlorine content of the sample. In 
other words, a sample containing 34-35 per cent chlorine should be of practi- 
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cally uniform composition. However, the chlorine contents of the initial 
fractions would indicate homogeneity around 31-33 per cent chlorine. This 
anomaly is only apparent. Actually, a new fractionation of these initial 
fractions (see Table 2) showed that they all contained 34-35 per cent chlorine 
and their slightly lower mean chlorine contents are attributable to less highly 
chlorinated molecules entrained in the precipitation of the initial fraction. 

The homogeneity of rubbers containing more than 35 per cent chlorine is, 
in fact, verified by a study of samples V, VI, and VII (see Table 1), which had 
mean chlorine contents of practically 36, 39, and 44 per cent. The different 
fractions obtained from the same sample had practically identical chlorine con- 
tents, except for the final fraction, which analysis showed to have a slightly 
lower chlorine content. An explanation of this phenomenon will be offered 
later. The homogeneity of highly chlorinated rubber has been established by 
Allirot®. 

In summary then, rubbers with relatively low chlorine contents which have 
been prepared by the direct action of chlorine on crepe rubber in solution are 
very heterogeneous, as has already been shown by van Amerongen and col- 
laborators®. However, all these products contain components with 34-35 per 
cent chlorine. 

TABLE 2 
0.7 g. 34.2% Cl 
2.4 g. 


Sample II F 1/ 4 


\ 


Sample III F Ne 2’ 


4 g. 
F 3’ 
(FI 3 
5g. 29.5% Cl 
Rubbers analyzing higher than 35 per cent chlorine are, on the contrary, 
practically homogeneous. 
It should be noted that this chlorine content, 35 per cent, which marks a 
sharp change in the rate of chlorination, corresponds in substance to the end of 
the first stage in the reaction mechanism proposed by Bloomfield! : 


Croll ig + 2Cl, Cl, + 2HCI. 


MOLECULAR DIMENSIONS OF PARTIALLY 
CHLORINATED RUBBERS 


CHANGE OF VISCOSITY DURING CHLORINATION 


We have studied the changes of the relative viscosity of solutions of rubber 
undergoing chlorination’ (see Figure 1). It was found that, from the beginning 
of chlorination, the viscosity decreased progressively to a chlorine content 
around 35 per cent; after a period of constancy in this range, the viscosity 
tended to increased. This fairly regular decrease of viscosity at the beginning is 
the result, for the most part, of a change in the structure of the macromolecules, 
involving a notable shortening of these molecules. 


RELATIONS BETWEEN VISCOSITY AND MOLECULAR WEIGHT 


The intrinsic viscosity [9] and the molecular weight M of a high polymer 
are related by the general law proposed by Kuhn’: [] = K.M.a, where K and 
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Fig. 1.—-Viseosity of three solutions of chlorinated rubber as a function of their degree of chlorination 
Solution 1-—-Concentration 1% by weight. Solution 2--Concentration 0.5% by weight. Solution 3 
Concentration 0.5% by weight (rubber more highly degraded than that in Solution 2). The upper seale of 
the abscissa indicates the number of chlorine atoms per 10 carbon atoms; the lower seale the percentage 
chlorine content. The ordinate indicates the relative viscosity. 


a are constants characteristic of a polymer with respect to a given solvent. As 
far as the chlorination of rubber is concerned, the change which the coefficient 
K shows as a function of the chlorine content can furnish useful information on 
the progressive changes in the formation of this product. 

In addition, the intrinsic viscosities [y] and the molecular weights M of 
different fractions of partially chlorinated rubber were determined (see Table 
3). These measurements were made with toluene solutions at 25° C by means 


TABLE 3 


Chlorine content {n] M {n’] M’ 
(%) 1 2 3 4 

0 6.7 450,000 6.7 450,000 

6.4 420,000 6.4 420,000 

4.4 237,000 4.4 237,000 

2.75 132,000 2.75 132,000 

1.05 34,000 1.05 24,000 


18,300 0.595 16,400 


54,000 0.82 39,600 


43,200 0.60 30,000 


47,000 


54,000 


445,000 3.06 206,000 
196,000 1.66 130,000 


3: 945,000 587,000 
2.63 746,000 4.24 164,000 
405,000 2.68 251,000 


293,000 1.95 158,000 
240,000 1.70 130,000 


734,000 4.24 410,000 
1.03 490,000 2.45 206,000 
0.79 345,000 1.88 145,000 

55 214,000 1.32 00,000 


— 
$05 
115 0.53 
27.5 0.60 
20 0.42 
ae 
33 0.90 1.32 
35 2.04 
- 
47 1.05 
0.92 
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TABLE 4 


Chlorine content 
(%) 


0 
11.5 
27.5 
2 
35 
3Y 
47 
59 
65.5° 0.6 


* The results for completely chlorinated rubbers have been taken from Allirot*. 


of an Oswald viscometer on the one hand and a Fuoss and Mead osmometer* on 
the other hand?, 

The K values and @ values of the different chlorinated rubbers are recorded 
in Table 4 (columns 1 and 2). The coefficient a remains the same from the 
original natural rubber to the completely chlorinated rubber. On the contrary, 
the K coefficient changes most significantly. However, these changes are the 
result, not only of changes of structure which take place during chlorination, 
but also of the increase of the weight of the Cio groups of the macromolecule by 
fixation of chlorine. This results, in effect, both in a higher molecular weight 
and, independent of any change of structure, in a decrease of the intrinsic 
viscosity in the relation where the concentration is expressed in the denominator. 
As a result of the influence of changes in the weight of the elemental linkage on 
the K value, the relation: [7] = K.M. a, as it has been defined, is less useful in 
following the progressive change of structure of rubber in the course of its 
chlorination. 

In addition, we have derived a viscosity-molecular weight relation in which 
these changes of weight are not a factor. In this relation: [m’] = K’.M’. a, 


3 


2 3 4 5 nombre de 
346 Ye Ci 372% Ci 654% Ci teneur en chore 


Fig. 2.-- Values of the K’ coefficient as a function of the degree of chlorination. The upper scale of the 
abscissa indicates the number of chlorine atoms per 10 carbon atoms; the lower scale the percentage chlorine 
content, 
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[’] and M’ represent the viscosity and the molecular weight, respectively, 
reduced to terms of natural rubber; i.e., M’ is not the true molecular weight M 
of a chlorinated rubber but is that of a natural rubber containing the same 
number of carbon atoms. In the same way, in calculating the intrinsic viscos- 
ity [’], we have used, not the true concentration, but the corresponding con- 
centration of natural rubber. In this new relation, [y'] = K’.M’. a, changes of 
K’ are attributable solely to changes in the structure of the rubber during its 
chlorination. 

The [9] values and M’ values are recorded in Table 3 (columns 3 and 4) 
and the K’ values in Table 4 (column 3). 

The results are in accord with those of Staudinger’. In reality, the decrease 
of the coefficient K’ (Figure 2) is further evidence of a considerable shortening 
of the macromolecular chains, independent of any degradation reactions, as a 
result of chlorination. This transformation should be complete at a chlorine 
content of 35 per cent. Above this point, the molecular dimensions do not 
seem to change further to any significant extent. 

It should be noted, however, that we have not been able to obtain repro- 
ducible measurements of the viscosities and molecular weights of rubber 
analyzing between 50 and 57 per cent chlorine. It would seem that these 
measurements are rendered invalid in this range of chlorine contents by physi- 
cal phenomena of molecular association. 


INFRARED STUDY OF PARTIALLY CHLORINATED RUBBERS 


The spectra of a series of fractions of natural rubber and partially chlori- 
nated rubbers were determined. The measurements were made with films by 
means of a Beckman spectrophotometer® Model IR-2. It is difficult to prepare 
films of strictly constant thickness. However, an observation made by Allirot 
and Orsini’®, and by the present author has shown that the spectral line 6.94 
does not change to any appreciable degree from natural rubber through to 
completely chlorinated rubber. Furthermore, by making use of the law of 
Beer and Lambert, it is possible to transform the spectra of films in such a way 
as in all cases to reduce the intensity of the 6.94 spectral line to the same value. 
The spectra thus transformed correspond to the same molecular concentration, 
and consequently can be studied on a comparative basis. 

The intensities of the principal spectral lines of the various samples studied 
and of highly chlorinated rubbers" are recorded in the log (/»/J) form in Table 
5. Here [/Io represents the transmission ratio. 

Rubbers in a low state of chlorination show spectra almost identical to the 
spectrum of natural rubber. With progressive increase of the chlorine content, 
the differences become greater until, for products containing 35 per cent chlorine, 
the spectra are distinctly different from the spectrum of rubber itself, and show 
many similarities with the spectrum of completely chlorinated rubber (see 
Figure 3). It will be observed that the spectral line 12yu, attributed by Richard- 
son and Sacher™ to the configuration: RC(CH;):CHR-cis, has disappeared 
On the other hand, the spectral line 6y, attributable to a —C:C— vibration 
remains constant to a point approaching 35 per cent chlorine, then increases 
abruptly at this point, then decreases uniformly until, around 55 per cent 
chlorine, it becomes inappreciable. 

The disappearance of the 12y spectral line is an indication of a structural 
change, which is probably the result of cyclization reactions. This hypothesis 
is confirmed by the appearance and increase of the Su and Ily spectral lines, 
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TaBLe 5 


log 


Chlorine 
content Line Line Line 
(%) 6.9% 

0.520 0.106 0.556 

0.493 O.119 

0.560 0.120 

0.435 0.108 

0.393 0.108 

0.375 0.158 

0.512 0.164 

0.349 0.254 

0.361 0.335 

0.338 0.252 

0.271 0.183 

0.257 0.197 

0.196 

0.161 

0.127 

0.120 


which give to chlorinated rubber containing 35 per cent chlorine a spectrum 
closely analogous to that of cyclohexane (see Figure 3). All the important 
spectral lines, i.e., 3, 4, 6.9, 8, 9.7, and lly, are common to each, the 6y line 
being the only exception. This latter has, as already mentioned, been attrib- 
uted to double bonds, and consequently is absent in the spectrum of cyclohexane 
but is present in that of cyclohexene. 
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Fie. 3.—Infrared transmission spectra. The abscissa indicates the wave length jin » units. The top 
ee is the sol phase of natural rubber, that below is chlorinated rubber containing 35% chlorine, that next 


xelow ia completely chlorinated rubber (65.4% chlorine), and the lowest graph is cyclohexane, 
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Line Line Line 
Bu lly 
0.124 0.054 0.538 
0.180 0.213 0.528 
0.202 0.375 0.372 
0.204 0.426 0.386 
0.194 0.560 0.352 
0.350 0.812 0.326 
0.380 1.115 0.312 
0.364 0.988 0.307 
0.384 0.982 0.300 
0.497 0.940 
0.496 0.910 
0.450 0.908 
0.680 0.706 
0.780 0.596 
0.875 0.500 - 
0.950 0.550 - 
1% | | 
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Above a chlorine content of 35 per cent, the Su spectral line continues to 
increase to the point of complete chlorination. The 11ly line, on the contrary, 
after a maximum at 35 per cent chlorine, decreases to a point around 60 per cent 
chlorine until it becomes virtually constant above this percentage. As for the 
3.4 and 6.9 spectral lines, both of which are attributable to C—H vibrations", 
the first becomes slowly weaker from natural rubber to completely chlorinated 
rubber, whereas the second maintains practically the same intensity. 

In summary, then, the infrared study of partially chlorinated rubbers gives 
evidence of structural changes before a chlorine content of 35 per cent is reached, 
as indicated by the progressive disappearance of the 12u spectral line, the ap- 
pearance of the lly line, etc., and around the 35 per cent point, as indicated by 
the sudden increase of the 64 line. These changes seem to be the result of 
cyclization reactions, which involve the formation of C, rings, analogous to the 
spectrum of cyclohexane. 
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Fig. 4.—Percentage of chlorine removed by aniline as a function of the time at 100°C. 1. Rubber 
containing 27% chlorine. 2. Rubber containing 34% chlorine. 4. Rubber containing 35% chlorine 
4. Rubber containing 35.5% chlorine. The absciasa indicates the time in hours; the ordinate the percentage 
chlorine removed by aniline 


Above 35 per cent chlorine content, there are no further changes in the 
structure. The changes in the spectrum, which are rather small, are apparently 
the result of simple fixation of chlorine, which leads to the final disappearance 
of the last double bonds around 55 per cent chlorine. 

It should be noted that our results on the changes of the spectral lines are in 
satisfactory accord with those of Salomon, van der Schee, Ketelaar, and van 
Kyk"™, although these authors attribute the weakening of the 12y spectral line 
and the simultaneous increase of the Llu line to a displacement of the double 
bonds, which would become of the vinyl type. Double bonds of this type 
should still be present in highly chlorinated rubbers. 


REACTIVITY OF CHLORINATED RUBBERS TOWARD ANILINE 


According to their position in the molecule, the chlorine atoms react more 
or less rapidly with organic bases. This reaction can be taken advantage of for 
the identification of halogenated groups in polymers'*. Thus, van Amerongen, 
Koningsberger, and Salomon®, as a result of a study of the reaction of chlori- 
nated rubbers with aniline at 100° C, came to the conclusion that chlorine at 
first combines with rubber chiefly by substitution in the allylic position, and 
that displacements of double bonds take place during progressive chlorination 
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Via. 5. Percentage of chlorine removed by aniline as a function of the time at 100°C. 1. Rubber 


conteining 39% chlorine, 2. Rubber containing 44.5% chlorine. 3. Rubber containing 55% chlorine. 
4. Rubber containing 59% chlorine. 5. Rubber containing 65.5% chlorine. 


In the light of the results already obtained in our investigations, we have 
again taken up the study of the action of aniline on chlorinated rubbers, with 
special attention to the study of products containing 34-36 per cent chlorine. 
In this small range, in fact, important structural transformations take place. 

For these measurements, small quantities of chlorinated rubbers were 
treated with an excess of aniline for a definite time at 100° C and the chlorine 
displaced by the organic base was determined’. The values obtained were 
used to construct, for each product, a curve representing the percentage of 
chlorine removed by aniline at 100° C as a function of the time. A study of 
the curves representing fractions containing 27, 34, 35, 35.5, 39, 44.5, 55, 59, 
and 65.5 per cent, respectively, of chlorine shows, among the chlorinated rub- 
bers, three principal forms of chlorine (see Figures 4 and 5). 

The first form, which is very reactive, continues up to 34—35 per cent chlorine 
and disappears between 55 and 59 per cent. It probably represents an allylic 
form of chlorine. The second form, which is very stable, appears toward 35 
per cent chlorine and becomes progressively more important to the point of total 
chlorination. The third form, which is fairly reactive, is present in highly 


CMLORE REACTIF" EN % 


? nombre de Ci/10 
572 % Ci teneur en chiore 


Fic. 6.--Percentage of reactive chlorine as a funetion of the degree of chlorination. The upper scale 
of the abscissa indicates the number of chlorine atoms; the lower scale the percentage chlorine content. 
The ordinate indicates the percentage reactive chlorine. 
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TABLE 6 
Chlorine content Reactive-chlorine content 
(% ) (%) 
27 100 
34 87.5 
35 80 
35.5 OS 
39 so 
44.5 74.5 


55 


chlorinated rubbers. It becomes evident from 44.5 per cent chlorine upward. 
Finally, to avoid any uncertainty hereafter, ‘reactive chlorine” will refer only 
to the first form. 

It is possible to determine the percentages of reactive chlorine present in the 
samples studied. The data when plotted as curves (see Figures 4 and 5) show 
abrupt ascents, then inflections, and, finally become practically linear. It is 
necessary only to extrapolate to zero time the linear sections of the curves 
to obtain good approximations of the percentages of reactive chlorine (see 
Table 6). 

Changes of the percentage of reactive chlorine as a function of the chlorine 
content (see Figure 6) show that rubber, which at the beginning of its chlorina- 
tion contains only reactive chlorine, undergoes, around 35 per cent chlorine, 
transformations which involve the transformation of a part of this reactive 
chlorine to a stable form. From this point on, the percentage of reactive 
chlorine again increases, passes through a maximum around 40 per cent, and 
then decreases progressively to zero value between 55 and 59 per cent chlorine. 

The product containing 35.5 per cent chlorine is very important, for it marks 
the end of a structural transformation of the rubber in the course of its chlorina- 
tion. It is helpful to know precisely its content of allyl chlorine. Now, the 
percentage of reactive chlorine, determined by aniline at 100° C, does not cor- 
respond solely to allylic chlorine; in fact, at this temperature, there take place 
in partially chlorinated rubbers extensive degradation reactions which may lead 
to the liberation of a significant amount of chlorine 

In addition to these experiments, the product containing 35.5 per cent 
chlorine was studied further by subjecting it to the action of aniline, not this 
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Fie. 7.— Percentage of chlorine removed by aniline from chlorinated rubber containing 36.5% chlorine 
as « function of the time at 25°C. The abscissa indicates the time in hours; the ordinate the percentage 
chlorine removed by aniline. 
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time at 100° C, but at 25° C. At this latter temperature, the degradation 
phenomena are negligible. The curve in Figure 7, which shows the percentage 
of chlorine removed by aniline as a function of the time, indicates the true per- 
centage of allylic chlorine, viz., 51 percent. Knowing that a chlorinated rubber 
containing 35.5 per cent chlorine contains approximately 2 chlorine atoms per 
Co group (2.07 precisely), it is obvious that only one of these chlorine atoms is 
fixed in a stable form. In brief, chlorine unites with rubber first of all by sub- 
stitution at the allylic position. 

Around 34-35 per cent chlorine content (2 Cl/10C), an internal transforma- 
tion takes place, and one chlorine atom of the two chlorine atoms of allylic form 
passes to a stable form. Probably the cyclization reactions already referred to 
are involved, and these reactions lead to the disappearance of one of the two 
double bonds. As chlorination continues, the content of allylic chlorine again 
increases, passes through a maximum around 40 per cent combined chlorine, 
then decreases to zero value between 55 and 59 per cent chlorine. 


INSTABILITY OF PARTIALLY CHLORINATED RUBBERS 
Up to the point of 50-55 per cent chlorine, chlorinated rubbers are unstable. 
This instability is particularly evident among products of a relatively low state 
of chlorination, which, in a period of only a few days, become insoluble, brown, 
and brittle. 
The changes in partially chlorinated rubbers were studied by three methods: 


(1) infrared analysis of films; (2) viscometric measurements of solutions, and 
(3) studies of the changes of the contents of reactive chlorine. 


First of all, a series of samples of partially chlorinated rubbers were sub- 


jected to more or less prolonged treatment at 25° and 80° C, and the changes in 
the spectra resulting from such treatment were determined’. In addition, the 
changes of one of these products in the presence of air and in vacuum were com- 
pared by means of infrared analysis. This study led to the conclusion that 
the progressive changes in partially chlorinated rubbers in the presence of air 
are the result of two series of reactions, which are independent of each other, 
and both of which are promoted by heat: 


(1) oxidation reactions, involving degradation and the formation of colored 
oxidation products ; 
(2) intermolecular reactions, leading to insolubilization. 


The oxidation phenomena manifest themselves by a general weakening of 
the spectrum, which is especially notable in the range from 7 to 12y, and by an 
increase of the 6u spectral line. This increase seems to be attributable, not to 
the formation of new double bonds, but rather to the formation of oxidation 
products, which in many cases show absorption themselves around 6y. It is to 
these oxidation reactions also that we must attribute the appearance of a 
spectral line around 34. With respect to the intermolecular reactions, they are 
characterized, for products containing more than 20 per cent of chlorine, by a 
weakening of the lly spectral line. Since this line seems to be related to the 
phenomena of cyclization, it follows that the intermolecular reactions proceed 
at the expense of cyclization. 

Oxidation reactions and intermolecular reactions, which proceed smoothly 
in the case of products of low states of chlorination, take place much less readily 
above 34-35 per cent chlorine. This abrupt increase of stability around 35 
per cent chlorine is an indication of a change of structure. 
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A study by the viscometric method of the aging of partially chlorinated rub- 
bers in solution has led us to the same conclusions. When the phenomena of 
degradation are manifest by a decrease of the viscosity of solutions, the inter- 
molecular reactions are evident mainly by the formation of a gel phase at high 
concentrations’. However, the progressive changes in partially chlorinated 
rubbers are much less rapid in solution than in the solid state. 

Finally, the aging of partially chlorinated rubbers is manifest also by changes 
of the content of unstable chlorine. Actually, we have been able to prove, in 
the study of the reaction of these products with aniline, that, as a result of heat 
treatment, the percentage of allylic chlorine decreases in lightly chlorinated 
rubbers and, on the contrary, increases in products containing at least 35 per 
cent chlorine’. It is probable that lightly chlorinated rubbers, under the 
influence of heat, undergo a transformation analogous to that which takes place 
during chlorination when the chlorine content is around 34-35 per cent. With 
a product which has already been thus transformed, the change is the reverse. 


RESUME AND GENERAL CONCLUSIONS 


The present study is a continuation of the work of Allirot'® on completely 
chlorinated rubbers. This latter author has shown that these products, al- 
though showing a high degree of molecular dispersion, are homogeneous in 
chemical constitution, which corresponds to the following cyclic structure: 


CHCI—CHCI 
HC—CCl CHC) 
Le, (CrwHuCh)e 
CCl 

H,C CHC!—CHC1J, 


This constitution involves extensive structural changes during the progress 
of chlorination. 

The present investigation was also devoted to a study of the mechanism of 
chlorination. 

By the fractionation of rubbers of progressively higher chlorine contents, it 
has been found that, below a chlorine content of 35 per cent (2C1/10C), these 
products are highly heterogeneous and that all contain a first fraction containing 
close to 35 per cent chlorine, as well as fractions of lower degrees of chlorination. 
Above 35 per cent chlorine, the products are practically homogeneous, although 
they almost always contain a final fraction which is slightly less chlorinated. 

A study of the molecular dimensions by the viscometric method and osmo- 
metric method has brought to light the following facts: 


(1) In the initial stage of chlorination, i.e., from 0 to 35 per cent chlorine, 
there is a very pronounced shortening of the molecular chains; 

(2) Above 35 per cent chlorine, the dimensions of the macromolecules seem 
to change only insignificantly, but the measurements are complicated by physi- 
cal phenomena of molecular associations, which are particularly marked be- 
tween 50 and 57 per cent chlorine. 

On the other hand, the analogy between the infrared spectra of cyclohexane 


and chlorinated rubber containing 35 per cent chlorine must be attributed to 
this latter product, having a cyclic structure (C, rings). The transformation 
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from the linear form to this cyclic form takes place in two steps. There is at 
first a uniform change in the spectrum up to 34-35 per cent chlorine, followed 
by an abrupt change. Above 35 per cent chlorine, chlorination proceeds with- 
out any further change of structure. The last double bonds disappear around 
55 per cent chlorine. 

Finally, the study of the reaction of aniline with chlorinated rubbers has 
shown that the chlorine fixed at the beginning of chlorination is of allylic form 
and that, around 35 per cent (2C1/10C), a transformation takes place, whereby 
one of the two allylic chlorine atoms is converted into a stable form. As 
chlorination continues, the content of allylic chlorine again increases, passes 
through a maximum around 40 per cent chlorine, then decreases to zero value 
between 55 and 59 per cent chlorine (around 5C1/10C). This disappearance of 
allylic chlorine seems to be associated with the appearance of a form of chlorine 
which is moderately reactive and which is still present in highly chlorinated 
rubbers. 

We have, in the course of the investigation, also studied another aspect of 
the problem of partially chlorinated rubbers, viz., their instability. It has been 
found that the progressive change of these products in the solid state in the 
presence of air is the result of two series of reactions, both favored by heat: 
(1) oxidation reactions, and (2) intermolecular reactions. 

Both with respect to the oxidation phenomena and the intermolecular re- 
actions, the instability, which is very marked in the case of rubbers in low states 
of chlorination, undergoes around 34-35 per cent chlorine a sudden change. 
Above this chlorine content, chlorinated rubbers are much more stable. 

The instability of rubbers of low states of chlorination are, moreover, char- 
acterized by the conversion of a part of the allylic chlorine to a stable form. 

In the light of these results, it becomes possible to propose a mechanism of 
chlorination which serves to explain all the phenomena encountered in the 
course of the present studies. Having to deal, not with simple molecules,but 
with a polymer, it was necessary to study successsively chlorination on the 
scale of the elementary linkage and then on the scale of the macromolecule. 


CHLOKINATION IN TERMS OF THE ELEMENTARY LINKAGE 


Let us consider a fraction of the polyisoprene chain constituted of two Cy 
groups: 


CH, CH, 


The fixed chlorine at the start of the chlorination is of the allylic type; and its 
fixation in the a-position with respect to the double bond probably takes place 
next to the most highly substituted carbon atom, thus: 


CH, CH, 
+ 2Cl, 
CH, CH; 


The —CHCI--C(CH,)==C H— groups are very reactive, and for this reason 
show a very great affinity for one another. In fact, a double bond in a-position 
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to another functional group increases the reactivity of each of the two functions. 
Furthermore, the dichlorinated group will, it is believed, have a pseudocyelic 
structure: 


CH——CH; 
H.C CHC! 
CHCL C 
H.C CH—CH, 


It is to the conversion of the linear form that must be attributed: 


(1) The notable spectral changes which are evident even before actual 
cyclization takes place; 

(2) The shortening of the macromolecular chains, indicated by viscometric 
and osmometric measurements of lightly chlorinated rubbers. 


The chain depicted above then reacts with itself, with formation of a true 
ring. 

Because of the mobility of the hydrogen atom, there is, in effect an addition 
of ana-methylenic C—H group of a reactive group at the activated double bond 
of the neighboring group. The hydrogen atom fixes itself on the carbon atom 
of the least substituted double bond, in accordance with the law of Markowni- 
kov: 


CH, 
CHC] 


CH, 
CHC! 


CH 


CH 


CHC! C CCI—C 


CH—CH, H;C CH,—CH, 


This cyclization is slow in relation to the preceding reaction (fixation of 
chlorine). It leads to the disappearance of half of the double bonds and, con- 
sequently, to the passage of one of the two labile chlorine atoms to a stable form. 
This results in a notable increase of stability, both with respect to oxidation and 
to insolubilization. It should be recalled that this insolubilization is brought 
about by intermolecular reactions which take place particularly easily with 
lightly chlorinated noncyclized rubbers. In effect, in the solid state and even 
in concentrated solution, a reactive group: 


CH, 
CHCL—-C=CH 


of a macromolecular chain, instead of reacting with its neighboring chain to 
form 4 ring, may react, according to the same process, with a reactive group of a 
sufficiently nearby chain, with creation of an intermolecular bond. This 
reaction, like cyclization, reduces the content of allylic chlorine. 

Chlorination may then continue with the cyclized product. Chlorine seems 
to fix itself simultaneously in a-position to the double bond remaining by sub- 
stitution and on the double bond by addition. The increase of the percentage 
of allylic chlorine from 35 to 40 per cent of the total chlorine indicates that, at 
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the beginning, substitution predominates over addition. In any case, the 
reaction may be written: 


CH —CH; 
HC—C CHC!) + 2Cl, 
J 


HC CH,—CH; 
CHCI—CHC! 


H,C—CCl CHC! + HCl 
CH,—CH, 
In this compound, containing 57 per cent chlorine, there is no longer any 
double bond, and certainly no allylic chlorine. This is in good accord with the 


experimental results. 
The final stage of chlorination is a substitution reaction: 


CHCI—CHCI 
CHC! + 2Cl, 


H,C 
CHC!—CHCI 


CHC! + 


H,C CHC!—CHC! 
Schematically the chlorination of rubber can be written as follows: 


(1) CyoHic + - + 
(34.60% Cl) 
(2) CoH CoH 
J 


(3) + HC! 


(57.2% Cl) 
(4) CyHyClh + 2Cl, — —C HCl, + 


(65.4, Cl) 


Steps (1), (3), and (4), which represent the reactions of actual chlorination, 
are in accord with the analytical results of Bloomfield'. Furthermore, this 
mechanism of the reactions is in fairly good accord with the conclusions of 
Ramakrishnan, Raghunath, and Pande'*. These authors, in work on the 
ozonolysis of partially chlorinated rubbers, show the existence of cyclization 
reactions. However, according to these investigators, these reactions would 


H,C—CCl 
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take place, for the most part, during the first stage of chlorination and would 
involve attack by the chlorine by substitution. 


THE MACROMOLECULAR SCALE 


CHLORINATION ON 


From the first moment of the action of chlorine on rubber, products con- 
taining 34-35 per cent chlorine are formed, and, in addition, products contain- 
ing much less chlorine and products which are only slightly chlorinated. In 
other words, we are dealing with macromolecules in which all the Cy» groups 
conform to the composition C,oH,,Cl,, in addition to macromolecules in which 
only a small number of groups are dichlorinated. Two hypotheses can be 
advanced to explain this heterogeneity. 


(1) The fixation of chlorine on a macromolecule would become progressively 
easier up to 34-35 per cent chlorine content, on account of the uncoiling of the 
macromolecule by the action of chlorine atoms which have already been fixed 

(2) Or, aceording to a hypothesis which seems more plausible, chlorination 
proceeds by a heterogeneous process, because of the rapidity of the reaction, if 
for no other reason. The chlorine which enters the reaction mixture would 
saturate to the point of 35 per cent chlorine content the nearest macromolecules, 
without attacking the others. 


A Cy group having fixed two chlorine atoms, cyclization can then proceed 
But since this is very slow in comparison with the fixation of chlorine, complete 
saturation (35 per cent) of a macromolecule would take place before there is any 
appreciable cyclization. This is the reason that the lightly chlorinated frae- 
tions are not cyclized, although they contain saturated groups, and that the 
fractions containing 34-35 per cent chlorine themselves contain slightly eyelized 


products. 
Chlorination can continue beyond the point of 35 per cent chlorine only 
under two conditions : 


(1) that the products susceptible of being chlorinated are cyclized ; 
(2) that there are no longer any macromolecules containing less than 35 
per cent chlorine, fixation of new chlorine atoms taking place preferentially on 
these latter molecules. 


Above 35 per cent chlorine, the rate of chlorination is relatively slow, there 
should be a good distribution of the chlorine throughout the reaction mixture, 
and the resulting products should be practically homogeneous 

It should be remarked that rubbers analyzing higher than 35 per cent 
chlorine, although sensibly homogeneous, all contain a final fraction which is 
slightly less chlorinated. This fraction is unquestionably composed of the last 
macromolecules to reach 35 per cent chlorine content, which are not yet cyclized, 
although chlorination has already proceeded to the point where the major part 
of the total polymer has become chlorinated. As a result, there is a slight 
retardation of the chlorination of this last fraction. 


SUMMARY 


A study of the chlorination of rubber, and of products of its partial chlori- 
nation, by physical and chemical methods has made it possible to suggest a 
mechanism of chlorination. 
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This mechanism, which is in good accord with the analytical results of 
Bloomfield, involves cyclization reactions, and thus confirms the cyclized 
structure of chlorinated rubber which has been attributed by some authors 
to completely chlorinated rubbers. 
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IDENTIFICATION OF CURING AGENTS 
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Previous published methods used for accelerator identification in com- 
pounded rubber products have fallen into four classes: chemical spot-tests or 
color reactions, precipitation and melting-point tests, chromatography of 
colored accelerator products, and spectrophotometric identification of chro- 
matographed fractions. 

Spot tests or colorimetric methods have been reported for 2-mercaptobenzo- 
thiazole and other accelerators'. Most of these methods were applied to the 
acetone extracts of large amounts of the rubber compound, and the formula 
seldom was as complex in softener and antioxidant content as today’s commer- 
cial products. 

The precipitation of guanidine picrates and their identification by melting 
point have been well developed*. Precipitation of thiazoles as the cadmium 
salts has also been reported*. It has been established in this laboratory that 
the ultraviolet spectrophotometric method is at least ten times more sensitive 
than the cobalt oleate spot-test for 2-mercaptobenzothiazole. It has also 
proved more sensitive and reliable for guanidine identification in today’s com- 
plex stocks than the picrate melting point method‘. 

Ultraviolet spectrographic techniques have been used by Dufraisse and 
Houpillart® in following the progress of 2-mercaptobenzothiazole and 2,2’- 
benzothiazoly! disulfide in the curing of simple rubber products, and Jarrijon* 
has used the same technique in following the transformation of tetramethy!|- 
thiuram disulfide to zine dimethyldithiocarbamate during vulcanization. 

Extensive work has been reported by Koch’ on spectral absorption and 
structure of organic sulfur compounds. The ultraviolet absorbance curves of a 
number of sulfur-bearing materials used as accelerators in the rubber industry 
are given, 

Ultraviolet spectrophotometry has been used for analysis of accelerator 
masterbatches by Kress*, while Fink, Field, and coworkers* have combined 
chromatography and ultraviolet spectrophotometry in the determination of 
2-mercaptobenzothiazole in a cured compounded stock. 

Hilton and Newell have determined the amount of thiurams and dithi- 
ocarbamates in a rubber compound by the ultraviolet spectrophotometric 
analysis of products formed from the decomposition of thiocarbamates to carbon 
disulfide by acidulated alcohol. 

Infrared absorption spectroscopy has been successfully used by Mann", 
but all work had to be preceded by time-consuming chromatographic separa- 


* Reprinted from Analytical Chemistry, Vol. 27, No. 4, pages 528-534, April 1955. This paper was 
yresented before the Division of Rubber Chemistry at the 126th Meeting of the American Chemical Bociety, 
New York, N. Y., September 12-17, 1954. 
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Tasie I 


A. Procepure vor ACCELERATOR IDENTIFICATION 
with Acip Exrract 


2?-hour reflux extraction 
with aqueous 1% HCl alone 


(Cured stock) 
Guanidine 
Aldehyde amine 
Sulfenamide 
Azoline 
Thioearbanilide 
Salicylic acid 


Chloroform phase extract 


| 
i ¢ 

| 

(2) 1% aqueous HC! as is 


Aldehyde-amine* 
Salicylic acid* 
Guanidine* 
Azoline* 

Amine 


(1) Chloroform phase 


2-hour reflux extraction 

with aqueous 1% HCl and 

benzene (50/50 mixture) 
(uncured stock) 


Diseard benzene 
phase 


| Chloroform phase | 


Extract to purify 
Thiazole | and diseard 
Azoline* 

Salieylie acid* 

Some antioxidants 


(3) 1% HCl made alkaline to | 
litmus with NH,OH and | 
extracted with ether 

(ether phase ) 


Guanidine* 
Salicylic acid 
Thiocarbanilide* 
Azoline 

Amine 


Evaporate ether below 5 cc., add a little silica 
gel to dry, «a pellet of NaOH, and an equal 
volume of CS, Evaporate on water bath to 
dryness, dissolve in water, and extract with 
ethyl ether 


(4) Alkaline aqueous phase 


Sulfenamide* 
Amine* 


(5) Addition of CuSO, and 
chloroform phase extract 
(chloroform phase) 


Amine 


‘ 
Ethyl ether phase | 


Guanidine 


(6) Made acid with HC) | 


+ (aqueous phase ) 


Sulfenamide* 


* Major or most reliable test. Other tests are more or less confirmatory and are not always needed for 


identification 
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tions. Mann was of the opinion that ultraviolet spectroscopy and polarography 
were more promising tools than infrared in this respect. Preliminary work using 
polarographic techniques has been reported for a number of accelerators". 

In most of the reported techniques for the determination of accelerators in- 
volving chromatography, much time is consumed in the initial separation", 
while other methods are not sensitive enough to detect small quantities’. 
Some methods make no allowance for the softeners and antioxidants now 
commonly incorporated in a rubber compound, which in the case of spot tests 
could introduce serious errors. Many methods now used require a large quant- 
ity of sample which is not always available. 


OUTLINE OF METHOD 


In the method outlined (Tables I and II), the accelerator is directly and 
rapidly extracted from the stock, with little interference from other compound- 


Taste Il 


Outune B. Procepure ror AccELERATOR [IDENTIFICATION 
witH ALKALI ExTrRact 


| 2-hour reflux extraction 
with 1% barium hydroxide 
(eured or uncured stock) 


Thiazole 
Thiuram 
Thioearbamate 
Oxime 
Thiocarbanilide 
Azoline 


Ethyl ether phase 


Extract at room 
temperature 


(2) 1% aqueous alkali 
after ether pliase 


(1) Ether phase 


Guanidine = extraction 
Amine 
Certain anti Thiazole* 
oxidants 4 Thiuram* 
Thiocarbamate* 
Oxime* 
Thioearbanilide* 
(3) Alkali acidified with HCl Azoline 


Thiazole* 


Oxime 
Azolin 4) Addition of CuSO, and 
chloroform solution of 


the precipitate 


Thiuram*® 
(5) Ether phase Thiocarbamate* 


Other tests are more or less confirmatory and are not always needed for 


* Major or most reliable test 
identification 


2 
| 
| =. 
| 
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ing ingredients. The various classes are identified by matching the ultraviolet 
spectral curve of the unknown with that of a similar selective solvent prepara- 
tion of known compounds. 

It has been established that guanidines are completely extracted from a 
compounded, cured stock in as little time as 2 hours‘, with a much shorter 
period being required for a qualitative check. Qualitative extraction of other 
acid- and alkali-soluble accelerators has been made in about the same time. 
Size of the sample is not a critical factor, and as little as 0.1 gram of stock can be 
used for the qualitative detection of thiazoles. 

A spectral identification of the prepared “‘fraction’’ is made, using a Beck- 
man quartz ultraviolet spectrophotometer with the usual l-cm. quartz cells. 
Most organic accelerators show some selective absorption in the 220- to 380-my 
region, when the accelerator is dissolved in a suitable solvent (Table III). 

Familiarity with the techniques and the spectral curves of the various ac- 
celerator fractions from selective solvent extractions enables an analyst to 
complete a survey for all of the five classes of accelerators in approximately 4 
hours. This time could be shortened considerably if a recording instrument 
were available. 

Although this paper is concerned only with qualitative analysis, most of the 
accelerators mentioned have been quantitatively recovered from different types 
of cured or uncured stocks. The authors plan to publish quantitative tech- 
niques utilizing these basic qualitative procedures. 


Tasie IIT 
ABSORBANCE CHARACTERISTICS OF ACCELERATOR FRACTIONS 


Wave length 


Index of maxima, Absorbance’ 
Trade names Chemical names no./Bolvent* my? ratio 


Aromatic thiazoles 


MBT, Captax, 2-Mercaptobenzothiazole A1/C; B5/E 329 320/274 
Thiotax 


B2/B 


B3/A 422 322/232 
232 
Altex, Thio- 2,2’-Benzothiazoly! disulfide Identical with MBT 
ie 
Santocure Benzothiazy!-2-monocyclo- Thiazole portion identical with MBT 
hex yleulfenamide A4/h 284, 252 284/252 = 1.1 
AG/A 270, 236 270/236 = 1.1 
Nobs, Armax N-Onxydiethylene benzothi- A4/4 286, 262 286/262 = 1.0 
azole-2-sulfenamide AB/A No maxima 
OXAF, Zenite Zine benzothiazy! sulfide Identical with MBT 
Rpecial 


Aliphatic thiazoles 


exas Mixed ethy! and dimethy! B5/C 326 326/276 = 16 
mercaptothiazoles B2/B 208 208/248 = 46 
318 318/266 = 
bone Mixed ethyl and dimethy! B2/B 204 204/242 = 3.2 
thiasoly! disulfides B3/A 314 314/246 = 38 
Cuanidines 
DPG Diphenylguanidine Identical with A3/E 
A2/A 226 226/246 = 17 
258 258/278 = 16 
DOTG Di-o-tolylguanidine BI/E Identical with A3/E 
A2/A 254 (shoulder) 254/274 = 9.3 
254 254/274 = 19 
TPG Triphenylguanidine BI/E Identical with A3/E 
A2/E 235 245/226 = 1.02 
263 262/284 = 14 
Vermalux Di-o-tolyiguanidine salt of B2/B 276 276/250 28 
dicatechol borate 2/ : 18 
: 1 


18 


Trade names 
Thiocarbamates 
Methy! Zimate, 
Methazate 
Ethy! Zimate, 
Ethazate 
Buty! Zimate, 
Butazate 
Arazate 
Selenac 
Pip-Pip 


Thiurams 
TMTD, Methy! 


Tuads, Tuex 
TETD, Ethyt Tuads 
Monex, Thionex 

Aldehyde-Amines 


Accelerator 833 
Trimene base 
A-19 


Azolines 
2-MT 


NA-22 


Special purpose 
Thiocarbanilide 


Aniline 
Vuleanizing agents 
Dibenzo-GMF 


GMF 


Activators 
Barak 


DBA 


Retarders 
Retarder-W 


E-8-E-N 


* Index No. refers to procedure for accelerator identification 
with the number representing a given block within each outline 


IDENTIFICATION OF CURING 


Tasie Il1—Continued 


Chemical names 


Zine dimethyldithio- 
carbamate 

Zine diethyldithio- 
carbamate 

Zine dibutyldithio- 
carbamate 

Zine dibenzyldithio- 
carbamate 

Selenium diethyldithio- 
carbamate 

Piperidine pentamethylene- 


Tetramethylthiuram 
isulfide 
Tetraethylthiuram disulfide 


Tetramethylthiuram mono- 
sulfide 


Butyraldehyde-aniline 
reaction product 
Butyraldehyde-monobuty!- 
amine reaction product 
Triethyltrimethylenetri- 
amine 
Acetaldehyde-formalde- 
hyde-aniline product 


2-Mereaptothiazoline 


2-Mercaptoimidazoline 


p,p’-Dibenzoquinone- 
dioxime 


p-Quinonediox ime 


Dibutylammonium oleate 
Dibenzylamine 

Salicylic acid 

Phthalic anhydride 


Index 
no. /Solvent¢ 


AGENTS 


Wave length 
of maxima, 
my? 


Absorbance 
ratio 


Identical with methy! Tuads 
Identical with ethyl Tuads 
258, 282 
274, 200 
258, 200 


258/282 = 1.0 
274/200 = 1,7 

258/200 = 1.1 
, 204 276/204 = 2.1 
Identical with ethyl Tuads 


258, 282 258/282 = 1.4 


252, 278 
268, 200 


252/278 = 
268/200 «= 
258, 282 258/282 = 1.0 
272, 200 272/200 = 1.6 
Identical with methy! Tuads 


1.0 
1.6 


, 322, 280 
, 280 


242/322 
228/280 
278/242 
278/244 
242/324 
268 / 208 
237/314 


2, 324 
, 208 
, 314 


268/230 
268/248 
246/264 
268/230 
268 /230 
278/248 
232/252 
232/252 


240/288 
252/272 
280/246 
240/280 


we 


360/380 
414/254 
313/334 
317/336 
316/336 
314/334 


partes 


258 /282 
274/200 
258/284 
276/294 


either Outline A (acid) or Outline B (base 
Thus, A3/ indicates acid outline, block 4 


For the solvent, the following abbreviations apply: A, aqueous acid; B, aqueous alkali; F., ethy! ether; and 
ly 


C, chloroform. 


Chloroform and ether may usua 


be used interchangeably 


Where chloroform is used in 


place of ether, the wave length of the maximum will be shifted about 2 my toward the longer wave-length 


region. 


* Primary or most characteristic maximum listed first. 


more than a “shoulder’’, but it is characteristic 


In « few cases the secondary maximum in no 


* Ratio of absorbance of strongest and next most intense maximum where two maxitoa are present 


Represents ratio of maximum to adjacent minimum where single maximum is present. 


If no minimum ix 


present, ratio is that of maximum absorbance to an arbitrarily selected wave length 20 my toward longer 


wave-length region. 
for 


Purpose of ratio is to indicate selectivity or sharpness of maximum, which is important 
Ratio given is believed reasonably accurate, but may be expected to vary somewhat 
depending on purity and amount of interference in extract. 


4 Barium salts are represented in all alkaline solutions except for (A4/B)4, where absorbance reported 
Prepared thiocarbamate derivatives of sulfenamides and amine activators are 


in that of sodium salt. 
sodium salta. 
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B2/B 
B2/B 
B2/B 
B4/C 
R2/B 
B4/C 276 
B2/B 
B4/C 
B2/B 
B4/C 
B2/B 
B4/C 
B4/C 
A2/A 242 - 
A2/A 278 
B2/B 778 
A2/A 24 
B2/B 2 - 
A2/A 23 
| A2/A 208 
A1/E, A3/E 248 
B2/B 246, 264 
B3/A 268 . 
A1/E, A3/E 278, 248 
B2/B 242 =| 
B3/A 232 - 
B2/B, B3/A 252 
B5/FE 280 
Ba/A 314 
B3/A 314 
B5/F. 313 
B3/A 316 
BS 314 
258, 282 
274 
A4/BA 258, 284 
276, 294 
| A2/A 236, 304 236/304 = 
AVE 236, 306 236/306 = 
A2/A 230, 280 230/280 = 
AI/E. 224, 276 224/276 = : 
| 


RUBBER CHEMISTRY AND TECHNOLOGY 


EXTRACTION PROCEDURE 


Alkali.—The stock to be used for analysis is thoroughly milled and sheeted 
thinly in a cool mill, and | to 2 grams is added to a ground-glass-jointed 
Erlenmeyer flask. The sample is refluxed in about 50 ml. of 1% barium hy- 
droxide, with the flask connected to a condenser fitted with a ground-glass 
tapered joint. The hot solution, when filtered and cooled, is ready for the 
spectral analysis indicated in Table IT. 

Before a spectral analysis is made, the solution should be liquid-liquid ex- 
tracted with chloroform or ethyl ether to remove small amounts of dissolved 
antioxidants and softeners, which are known to be present in the hot alkaline 


——— MBT IN ALKALI 
“MBT IN ACIO 


z 
< 


04 


0.2 


200 £40 280 360 
WAVE LENGTH (Mp) 


Fig. 1.—Thiazoles in aqueous barium hydroxide and hydrochloric acids solutions. 


solution but which are only slightly soluble on cooling. Guanidines may also 
be qualitatively identified in this ethyl ether extract, if they are present alone 
or in large quantities 

Acid,—-The procedure is identical to that for the alkali extraction, with the 
exception of the solvent. Here approximately 50 ml. of 1% hydrochloric acid 
are used if the stock is cured and an additional 50 ml. of benzene if an uncured 
stock is being analyzed. If benzene has been used, the benzene is removed 
after cooling and the acid solution boiled for a few minutes to remove any 
traces of benzene. At this stage the acid solution is ready for any special 
preparation which may be required for the complete analysis. 

Thiazoles will be extracted from the aqueous acid by the initial ethyl! ether 
phase extraction, but as they are best determined in the alkaline extract, they 
may be considered as interference here. 


324 
1.6 
1.6 
| 
1.0 
0.8 
0.6 


IDENTIFICATION OF CURING AGENTS 


AQUEOUS ALKALI EXTRACT 


Aromatic thiazoles.—Aromatic thiazoles are characterized by a maximum 
found in the alkali at 308 my. This is the barium salt of mercaptobenzothia- 
zole. Substituted thiazoles, such as N-oxydiethylene benzothiazole-2-sulfen- 
amide or benzothiazyl-2-monocyclohexylsulfenamide will exhibit this same 
maximum, for the alkali causes the molecule to split and yields the characteristic 
thiazole salt. When the alkaline solution is made acid to litmus, the maximum 
shifts to 322 my (Figure 1), which represents the absorption associated with 
mereaptobenzothiazole itself. 


SANTOCURE IN ALKALI 

1.4 » ~-=-SANTOCURE IN ACID 
NOBS IN ALKALI 

—-—NOBS IN ACID 


ABSORBANCE 


200. 240 320 ~~ 360 
WAVE LENGTH (mp) 


Thiocarbamate derivatives of sulfenamides in aqueou 
sodium hydroxide and hydrochloric acid 


Aliphatic thiazoles.—The commercial aliphatic thiazoles, Texas and Erie, 
which are mixed ethyl- and dimethylmercaptothiazoles, also exhibit a gradual 
shift in location of absorbance maximum as the pH is varied. Texas, in a 
solution alkaline to litmus, shows a relatively symmetrical maximum at 295 
my, with a shift to 318 mu when the solution is made acid to litmus. Erie in 
alkaline solution has a maximum at 294 my, and, when acidified, the maximum 
is located at 314 my. The 4- and 14-my difference in location of maxima in 
acid and base serves to differentiate the aromatic and aliphatic thiazoles 

The presence of a thiazole is further confirmed by acidifying the aqueous 
alkaline solution with concentrated hydrochloric acid and extracting with ethy! 
ether. The ether phase gives a spectral curve similar to that in aqueous acid 
but with the maximum at 326 mp. This is the normal absorption curve for 
2-mercaptobenzothiazole in an organic solvent 
Because of the formation of 2,2’-benzothiazoly! disulfide when 2-mercapto- 
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benzothiazole is used in a compounding formula, or vice versa, depending on 
the conditions of vulcanization, it cannot be determined which aromatic thiazole 
was added. It is also known that zine salts of the thiazoles may be formed 
under the conditions of vuleanization where zine oxide is present, if either 
2,2'-benzothiazoly! disulfide or 2-mercaptobenzothiazole has been used. Here, 
the thiazole will be found as 2-mercaptobenzothiazole alone, and not as the 
individual 2,2’-benzothiazoly! disulfide or zine mercaptobenzothiazole. 
Thiocarbamates.— The alkaline solution contains added thiocarbamates and 
any thiocarbamates which have been formed by the action of zinc oxide and 
thiurams during vulcanization, or during the extraction by the alkali itself. 
Absorbance of thiocarbamates in aqueous alkali (Figure 2) is as characteristic 


—— ARAZATE (BENZYL) 
BUTAZATE(BUTYL) 
—+—TUADS (METHYL) 


z 
< 
a 
° 
=< 


230 250 
WAVE LENGTH (Mp) 


Fig. 3.--Copper complex of thiurams and thiocarbamates in chloroform. 


as that of the copper salt in chloroform, but is subject to greater interference 
from other alkali-soluble accelerators, particularly thiazoles. If thiazoles are 
absent from a stock, then identification can be made in the alkali alone, without 
resorting to formation of the copper complex. 

Positive identification of the type of thiocarbamate can be made here by 
precipitating any thiocarbamate with 1 per cent copper sulfate solution. The 
resulting deep brown copper thiocarbamate precipitate, soluble in chloroform, 
is a positive test for the presence of the thiocarbamate. (If a brown precipitate 
is formed which is insoluble in chloroform, free sulfur is most probably present 
in the stock in rather large quantities.) The thiocarbamate is identified by a 
spectral check of the copper complex in chloroform (Figure 3). Here distinct 
double maxima are found at positions dependent upon the structure of the 
thiocarbamate formed. The location of the maximum at the shortest wave 
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length increases altogether about 8 my, and the prominence of the secondary 
maximum is reduced as the molecular weight of the attached group increases 
through methyl, ethyl, butyl, and benzyl groups. 

Thiocarbamates also react with many ions other than copper to yield white 
or colored complexes which show selective absorbance in the ultraviolet region. 
Nickel or cobalt salts give a thiocarbamate, with a spectral curve distinctly 
different from that of the copper complex. The difference is so pronounced 
that sodium diethyldithiocarbamate has been used for spectrophotometric 
detection of copper, cobalt, and nickel simultaneously". However, copper 
appears to be as good as any metallic ion tested for the purpose of distinguish- 
ing the different thiocarbamates. 


ABSORBANCE 


206 240 280 320 360 
WAVE LENGTH (my) 


Fic. 4.—-Guanidines in aqueous | per cent hydrochloric acid. 


Thiurams.—Thiurams are normally extracted by the aqueous alkali as the 
thiocarbamate derivative. It is not possible to distinguish tetramethylthiuram 
monosulfide from tetramethylthiuram disulfide in a cured stock, since both are 
normally converted partially or almost completely to their zine thiocarbamate 
salts. The absorbance curve of tetramethylthiuram monosulfide itself in an 
organic solvent is distinctly different from that of tetramethy|thiuram disulfide, 
and identification is simple if the accelerators are recovered in their original 
form. If the stock is uncured, much of the soluble tetramethylthiuram mono- 
sulfide can be extracted with distilled water, in which tetramethylthiuram 
disulfide is essentially insoluble. As with thiocarbamate accelerators, the 
copper complex will distinguish between ethyl and methy] thiurams. 
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RUBBER CHEMISTRY AND TECHNOLOGY 
AQUEOUS ACID EXTRACT 


Guanidines.— The guanidines, being alkaline materials, are found in the acid 
phase after extraction with ethyl ether to remove any thiazole. The curve of 
the guanidine hydrochloride in acid is characteristic for triphenylguanidine, 
diphenylguanidine, and di-o-tolylguanidine (Figure 4). Confirmatory identi- 
fication of the type of guanidine is carried out by making the acid extract 
strongly alkaline to litmus with ammonium hydroxide and extracting this 
alkaline solution with ethyl ether. Each of the three types of guanidines men- 
tioned here give a characteristic single maximum which is the same as that of 
the individual guanidine accelerator in an organic solvent. 

It is also possible to determine the presence of a guanidine material in such 
compounds as diphenylguanidine oxalate and diphenylguanidine phthalate, 
which are substituted diphenylguanidines. The guanidine component of the 
molecule is normally determined as such. 

Guanidines are easily separated from thiazoles in stocks where they occur 
together by the preliminary ethyl ether extract of the aqueous acid stock ex- 
tract. It is advisable to extract the acid phase two to three times with ethy| 
ether to remove the last traces of any thiazole. 

Sulfenamides.—The presence of a substituted thiazole or sulfenamide, such 
as N-oxydiethylene benzothiazole-2-sulfenamide or benzothiazyl-2-monocyclo- 
hexylsulfenamide, can be detected by identifying the amine associated with 
this compound. Here the acid breaks up the molecule to form a thiazole and 
an amine hydrochloride. Since the amine itself does not absorb selectively, it 
is treated with carbon disulfide to produce a thiocarbamate which exhibits 
characteristic ultraviolet absorption. The amine present in the acid extract 
of a stock can be removed by making the acid extract strongly alkaline to 
litmus with sodium hydroxide and extracting with chloroform. The chloroform 
is evaporated carefully on a water bath to less than 5-ml. volume. To this are 
added one pellet of solid reagent sodium hydroxide, an equal volume of carbon 
disulfide, and a few pieces of coarse silica gel to ensure as anhydrous a solution 
as possible. (The preparation should be dry to prevent formation of interfering 
carbon disulfide absorbance at 308 to 312 my attributed to xanthate formation.) 
The mixture is evaporated to dryness on a water bath and the residue dissolved 
in water. Ultraviolet absorbance of the aqueous alkali is then recorded. It 
will show characteristic absorbance of the sodium salt of the particular thio- 
carbamate present 

Confirmation of the type of sulfenamide present can be obtained by acidify- 
ing this alkaline solution. If benzothiazyl-2-monocyclohexylsulfenamide is 
present, two maxima are observed at approximately the positions of the two 
minima in the alkaline solution (Figure 2). N-oxydiethylene benzothiazole-2- 
sulfenamide presents a spectral curve in the alkaline solution similar to benzo- 
thiazyl-2-monocyclohexylsulfenamide, but with maxima at different wave 
lengths. Making the solution acid to litmus will destroy any strongly selective 
absorbing material, thus differentiating N-oxydiethvlene benzothiazole-2- 
sulfenamide from benzothiazyl-2-monocyclohexylsulfenamide. The absorb- 
ance of the acidified solution is unstable and should be recorded immediately. 

If copper sulfate is added to a part of the alkaline solution, a brown precipi- 
tute soluble in chloroform is further proof of the presence of thiocarbamates. 
Spectral absorbance here will aid in identification of an amine added as such 
originally. Any amine residue from thiocarbamates or thiurams added to the 
stock and decomposed by the acid may be expected to appear here, However, 
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absorbance characteristics are sufficiently different so that sulfenamides may 
be identified by this procedure. 

Aldehyde-A mines.—Aldehyde-amines will be found in the aqueous acid 
extract of a cured, compounded stock after the initial ethyl ether extraction. 
If aromatic amines and certain aliphatic aldehyde-amines are present, the 
spectral curves in aqueous acid are usually characteristic enough for identifiea- 
tion, where thiazoles and guanidines are absent (Figure 5). If thiazoles are 
present, they will be removed by ethyl ether extraction, leaving the character- 
istic absorbing material associated with the amine in the acid extract. By 
following the outlined procedure and preparing thiocarbamate derivatives, the 
common aliphatic amines may also be detected. It should be noted that sulfur 
vuleanization of a rubber compound with an aldehydeamine may yield a trace 


ABSOR BANCE 
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260 520 360 
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hia. 5 Aldehyde-amines in aqueous hydrochloric acid 


200 240 


of a thiocarbamate residue. If an aldehyde-amine is detected as such in con- 
siderable quantity, and only a trace of a thiocarbamate is present, it is probable 
that the thiocarbamate was formed from the amine during vulcanization. 


SPECIAL PURPOSE ACCELERATORS 


There are a number of special purpose accelerators which can be detected in 
the alkali and acid extracts of cured compounded stocks. 

Oximes.—A stock accelerated with p,p’-dibenzoquinonedioxime shows a 
maximum in alkali at 361 my, while the maximum in the same solvent for 
p-quinonedioxime is found at 317 mg. 

Azolines.—The presence of 2-mercaptothiazoline can be detected by the 
sharp maximum found in alkali at 246 my, with a shoulder at 264 my. Aecidi- 
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fication of the alkaline solution gives a single symmetrical maximum at 268 my. 
2-Mercaptoimidazoline can be differentiated from 2-mercaptothiazoline by the 
single maximum in alkali at 232 mu. No change is observed when this solution 
is acidified. 

T hiocarbanilide.—This exhibits a broad maximum at 252 my in alkali and in 
the alkali extract after it is made acid. Ethyl ether phase extraction of the 
acid gives the normal single 280-my maximum of this material in an organic 
solvent. 

Xanthates.—Little work has been done with xanthates, but the commercial 
compound dibutylxanthogen disulfide exhibits selective absorption in alkali 
solution with maxima at 226 and 302 my. If the xanthates do not decompose 
completely during curing, it is believed that some qualitative detection could be 
made. Identification would be more certain if an uncured sample were used. 

Several other special purpose accelerators not mentioned here will give 
characteristic absorbance curves at some point, using the method outlined. 
Any new accelerators which are acidic or alkaline in nature may be expected to 
fit into this scheme of analysis. 


RETARDERS 


Retarders are sometimes added to prevent premature vulcanization of a 
stock. They are usually acid in nature and can be detected along with ac- 
celerators. Salicylic acid could be considered as interference in the detection of 
guanidines and thiazoles with the hydrochloric acid extract. The characteris- 
tic double maxima of salicylic acid at 236 and 306 my are observed in the 
aqueous acid itself, when thiazoles are absent. When present, the thiazoles 
are removed by first adjusting the pH of the solution to between 8.5 and 9.0. 
It has been determined that thiazoles are completely extracted with ethyl! ether 
in this pH range, but that salicylic acid is retained in the aqueous alkali. 
Salicylic acid itself can be identified by again making the alkaline solution acid 
to litmus with hydrochloric acid and liquid-liquid extracting the salicylic acid 
with ethyl ether. Phthalic anhydride (changed to phthalic acid by the action 
of the solvent) may be detected in a similar manner, and is readily distinguished 
from salicylic acid by its absorbance curve in aqueous acid solution. 


ACTIVATORS 


Some of the compounding formulas in use in the rubber industry at the 
present time employ the use of an organic activator of the amine type. If 
present in a stock, these will be extracted with 1 per cent hydrochloric acid, and 
their presence can be determined following Table I, with particular attention 
to the blocks concerning the identification of amines. 


DISCUSSION 


Selective solvent extraction coupled with ultraviolet spectrophotometry 
offers a strong tool for the identification of many alkaline and acidic organic 
materials when present in trace amounts in natural or commercial products. 

It is generally agreed" that ultraviolet spectrophotometry is more sensitive 
than infrared. This is of particular value in the identification of trace amounts 
of rubber compounding materials, such as accelerators and antioxidants, which 
are usually put into a compounding formula in quantities of 1 per cent or less. 

Infrared may be more specific than ultraviolet in distinguishing between 
similar accelerators. However, it has been shown here that similar compounds 


\ 


IDENTIFICATION OF CURING AGENTS 331 


can often be converted by simple chemical treatment to give distinctly different 
ultraviolet absorbance characteristics which will readily identify them. The 
short spectral range of ultraviolet also makes for more rapid identification. 
Where applicable, the 0.12-micron range of 220 to 340 my in the ultraviolet 
gives as positive identification of most common rubber accelerators as does 
complete coverage of the 1- to 14-micron range of infrared. 

The tedious chromatographic isolation of accelerators usually recovers the 
accelerator as the compound or compounds present in the stock. This has both 
advantages and disadvantages. Chromatography, coupled with ultraviolet 
and infrared spectroscopy, may be the ideal method for the identification of 
accelerator reaction products in a cured stock. Many accelerators are con- 
verted partially or entirely during vulcanization to different compounds. 
Therefore, identification of a single added accelerator by chromatography may 
mean isolation of two to four compounds, which might confuse matters as to 
which material was added originally. Thus a tetramethylthiuram disulfide 
cured stock may have tetramethylthiuram disulfide, zine dimethyldithiocar- 
bamate, or tetramethylthiuram monosulfide present. A  benzothiazy|-2- 
monocyclohexylsulfenamide cured stock may have the original benzothiazy|-2- 
monocyclohexylsulfenamide, 2-mercaptobenzothiazole, 2,2’-benzothiazoly! 
disulfide, and traces of cyclohexylamine or thiocarbamate, formed from the 
cyclohexylamine. Aldehyde-amine accelerators may leave traces of thiocar- 
bamates on curing. 

The rapid selective solvent extraction of accelerators outlined here will 
often convert accelerator breakdown products in a cured stock to a single ma- 
terial of known composition. This fact, and the use of aqueous solutions to 
eliminate interference of such materials as softeners, presents a practical pro- 
cedure for the identification of general classes of accelerators. 

Though barium hydroxide is used here, the solvent could just as well be 
sodium or potassium hydroxide, or sodium sulfite in many cases. Also, ethy! 
ether used for some phase extractions and as a solvent for ultraviolet absorb- 
ance might be replaced by chloroform. Chloroform is a stronger solvent and is 
nonflammable, but ether is usually preferred because chloroform does not 
transmit ultraviolet below 246 my, whereas ethy! ether transmits to about 220 


One factor working in the analyst’s favor is the fact that accelerators which 
might possibly interfere with each other in the proposed method of analysis 
are rarely used in the same rubber compound. Thus, thiocarbamate and 
aldehyde-amine accelerators are both considered fast curing, and are not com- 
monly used together in rubber products. As sulfenamides are used primarily 
where scorching is a problem, no ultra-accelerators such as amines or thiocarbam- 
ates will be used in the same stock. Also, common practice dictates that where 
more than one accelerator is used, a combination of an acidic thiazole with an 
alkaline guanidine, thiuram, or amine is normal procedure. 

Therefore, this method of selective solvent extraction to separate alkaline 
and acid materials fits in well with present-day rubber compounding practices. 


SUMMARY 


A method has been devised for identification of organic compounds that 
accelerate the vulcanization of rubber products. Identification of these active 
trace materials aids product improvement and quality control. Identification 
is made through ultraviolet spectrophotometric absorbance curves over the 220 


= 
; 
is 


342 RUBBER CHEMISTRY AND TECHNOLOGY 


to 350 my region on the aqueous alkali or acid extracts, or on liquid-liquid ethyl 
ether extracts of the aqueous solutions. Thiazole, thiuram, thiocarbamate, 
amine, and guanidine classes of commercial accelerators are regularly identified 
in 2 grams of uncured or cured rubber products, with less than 4 hours’ elapsed 
time. Interference of common softeners and antioxidants is usually negligible. 
The method is more rapid than chromatographic procedures and more sensitive 
and specific than spot-test methods. Quantitative results may be obtained if 
calibration work is undertaken. 
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ANDERBILT LABORATORY 


THE 


..- Located in East Norwalk, Connecticut. 
Maintained as a development and 
technical service center in the interest 

of our customers and their efficient use 
of Vanderbilt materials for Dry Rubber, 
Latex, and Plastics Compounding. 


Products of Vanderbilt Research 
it Will Pay You to Investigate... 


BISMATE 
in rubber or GR-S—rubber blends 


CUMATE 
in GR-S 


TELLURAC 
in Butyl 


... Practical and powerful 
dithiocarbamate ultra accelerators 
for faster curing compounds. 


VANDERBILT CO., INC 


230 Park Avenue, New York 17,N.Y. | 
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News about 


B.F. Goodrich Chemical --- 


improves processing makes premium products 


Good ote Resin $0 —a thermoplastic reinforcing You'll find Resin $0 in the recipe wherever the prod- 
resin thatis compatible with crude and American uct needs superior flex life, hardness without sacri 
rubbers — offers the compounder many important fice of strength, improved abrasion resistance, and 


advantages light weight. Are any of your products listed here? 


& improves mixing, celendering, and extru- Floor Tile, Under-chair Pods 
sion cheracteristics of compounds to which 
it ls edded. & Shoe Soles, Safety Shoes 


Easily handied; does not require master- & Golf Bag Bottoms, Club-heeds 


betching. 
® Wire & Cable insulation 


Mekes premium quality compounds in all 


renges of hardness. & Battery Cases, Battery Cops 


Mokes easy-to-extrude high-herdness com- & Drainboords, Strainers 
pounds in full range of colors. 


Good-rite Kesin 50 is produced as a B. F. Goodrich Chemical Company 
finely divided, free-flowing, odorless A Division of The & F Goodrich Compeny 
white powder, casily blended with 


other polymers lo find out how Re sin 

$0 will enable you to make better prod Car 
ucts at /ower costs, please write 

Dept FR-1. Goodrich Chemical 

Company, Kose Building, Cleveland 15, . 

Ohio. In Canada: Kitchener, Ontario. Ru 
Cable address: Goodchemco 


GEON polyviny! meteriels « HYCAR Americen rubber: end letex « GOOD-RITE ch 
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BUTADIENE 
SECTION 


the West... 


Here’s the handy source of 


Synthetic Rubber 


Shell Chemical offers a wide line 
of general-purpose polymers 


Torrance, California, deserves a big star on your map 


of rubber sources. It's the home of Shell Chemical's 


synthetic rubber plant one of the nation’s best 


equipped for the produc tion of a variety of types of 


butadiene-styrene rubber 


Whether you need a bale or a carload for sheet 
ing, molded goods, extruded goods, tires or other 


uses, Shell Chemical! can fill your needs 


Torrance Our technical staff will be glad to diseuss your 


needs. Phone or write Syntethic Rubber Sales 
Division, P. O. Box 216, Torrance, California 
Phone PLymouth 6-149! or DAvis 4-499] 


SHELL CHEMICAL CORPORATION 


Synthetic Rubber Sales Division 
P.O. Box 216, Torrance, California 
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B.F. Goodrich Chemical 


improves processing 


Good-rite Resin $0 —a thermoplastic reinforcing 
resin that is compatible with crude and American 
rubbers — offers the compounder many important 
advantages. 


improves mixing, colendering, and extru- 


Easily handied; does not require master- 
betching. 


& Mekes premium quelity compounds in eli 
renges of herdness. 


Makes cosy-to-extrude high-herdness com- 
pounds in full range of colors. 


Good-rite Resin $0 is produced as a 
finely divided, free-flowing, odorless 
white powder, easily blended with 
other polymers. To find out how Resin 
$0 will enable you to make better prod- 
ucts at /ower costs, please write 
Dept. ER-1, B. F. Goodrich Chemical 
Company, Rose Building, Cleveland 15, 
Ohio. In Canada: Kitchener, Ontario. 
Cable address: Goodchemco. 


makes premium products 


You'll find Resin 50 in the recipe wherever the prod- 
uct needs superior flex life, hardness without sacri- 
fice of strength, improved abrasion resistance, and 
light weight. Are any of your products listed here? 


%& Floor Tile, Under-chair Pads 
& Shoe Soles, Safety Shoes 

& Golf Bag Bottoms, Ciub-heads 
% Wire & Cable insulation 

& Battery Cases, Battery Cops 
& Drainboords, Strainers 


8. F. Goodrich Chemical Company 
Division of The 6 F Goeedrich Company 


Hycar 


GEOM polyviny! meteriels « HYCAR Americen rubber end letex « GOOO-RITE chemicals end plesticizers « HARMON colers 


i 
sion cheracteristics of compounds to which 
Wis added. 
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Torrance 


SHELL CHEMICAL CORPORATION 


BUTADIENE 
SECTION 


Here’s the handy source of 


Synthetic Rubber 


Shell Chemical offers a wide line 
of general-purpose polymers 


Torrance, California, deserves a big star on your map 
of rubber sources. It's the home of Shel] Chemical’s 
synthetic rubber plant . . . one of the nation’s best 
equipped for the production of a variety of types of 
butadiene-styrene rubber. 

Whether you need a bale or a carload . . . for sheet- 
ing, molded goods, extruded goods, tires or other 
uses, Shell Chemica! can fill your needs. 

Our technical staff will be glad to discuss your 
needs. Phone or write Syntethic Rubber Sales 
Division, P. O. Box 216, Torrance, California. 

Phone PLymouth 6-1491 or DAvis 4-4991. 


Synthetic Rubber Sales Division 
P.O. Box 216, Torrance, California 
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...Get Hep to 


STABILITE’ 


ANTIOXIDANT 


* Manufactured by Chemico, Inc. 
Distributed by The C. P. Hall Co. 


CHICAGO, ILLINOIS CHEMICAL MANUFACTURERS Es) 
NEWARK, N. J. 


VULCANOL’ 


Latex Compounds of Proven Quality 


VULCACURE’ 


AQUEOUS SUSPENSIONS OF ULTRA ACCELERATORS 


ALCOGUM 


Sodium Polyacrylate Latex Thickener and Stabilizer 


VULCARITE’ 


A Series of Water Dispersions of Latex Compounding Chemicals 


Technical information and samples forwarded promptly upon request. 


ALCO OIL & CHEMICAL CORP. 


TRENTON AVE. AND WILLIAM ST., PHILADELPHIA 34, PA. 
GARFIELD 5-0621 


WEST COAST REPRESENTATIVE: 


NEW ENGLAND OFFICE 
Alco Oil & Chemical Corp. 


H. M. Royal, Inc. ~— 
Whse., 4814 Loma Vista Ave., 
Los Angeles 58, Calif. Providence 3, R. i. 


LOGAN 3261 ELMHURST 1-4559 
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St. Joe lead- - free Zinc Oxides for Rubber Compounds 


REGULAR + COATED «+ PEILETS 


The ore from which St. Joe lead-free Zinc Oxides are 
mainly produced originates in the foothills of the 
Achrondack Mountains, where the St. Joseph Lead Co. 
wholly owns and operates zinc mines st Balmat and 
Edwards, St. Lawrence County. These properties are 
among the greatest zinc deposits in the United States 
The concentrates produced here are shipped to our 
electrothermic zinc smelter at Josephtown, Pa. for con- 
version into zinc oxides by the direct-from-ore, or Amer- 
ican Process. Quality control — one of St. Joe's most 
important production tools—literally begins under- 
ground at the mine and is exercised at each step of the 
process by the technological staffs of laboratories 
located in our mines, mills and the smelter. The ores, 
equipment and procedure used in the production of St 
Joe High-Grade Zinc metal of 99.98 + % purity — and 
commanding premium market price — are identical 


with those used in the production of St. Joe lead-free 
Zinc Oxides. This quality-factor accounts for their 
steadily increasing use in rubber compounds. 


*{rom ORE — The Balmat Mine: The mine, mill and 
town of Baimat, N.Y. developed and built by the St. 
Joseph Lead Co., between 1926 and 1938. The Com- 
pany’s other mine and mill is located in the nearby town 
of Edwards, N.Y. 

OXIDE — The St. Joseph Lead Company's smelter 
and zinc oxide plant at Josephtown, Pa, on the south 
bank of the Ohio River about 30 miles northwest of 


Pittsburgh. 


ST. JOSEPH LEAD COMPANY 
Park Avenue, New York 17, N.Y 
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find ready 
Ovens for ageing purposes acceptance 


SCOTT TESTER* LG 
for immersion and other 


tests at O pressure. 


In 18 months 
from June 1954 - December 1955 


52 SOLD—20% RE-ORDERS 


42 rubber and plastics firms 
ordered 52 LG's in 18 months, 
a record time for a new tester 
to become so firmly established. 


SCOTT TESTER* LGP 


for oxygen and air age- 
ing tests under pressure. 


In 6 months 
8 USERS 


Following in the steps of its proven 
predecessor, our Block Oven for pres- 
sure testing is rapidly winning Industry 
acceptance by dependable performance 
and the far-reaching usefulness of its 
tests. 


Request Literature 


What is YOUR Your Testing Problem is Our Business. 
Why not put our 57 years of know-how 
Testing Problem ? at work on your problems? 


SCOTT TESTERS, ING. 
Seal Testers — Standard of the World 
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All dolled up..... 


and goes everywhere 


In keeping with today’s publishing trends, Rubber World has 
changed its physical appearance, to offer readers a fresh, modern 
look and an easy to read format—yet a magazine backed by more 
than 65 years of valued experience. From cover to cover Rubber 
World is a publication devoted to the technical man in the indus- 
try, and is designed for quick reading of its accurate and timely 
technical material. 


its leadership in publishing original and 
accurate technical material—articles to 
help the production man in solving his 
many problems. 

its policy of maintaining an Editorial Ad- 
visory Board, to aid the Editor in present- 
ing completely accurate facts and data. 


its circulation policy of complete coverage 
of rubber . Rubber World 
now offers almost greater coverage 
RUBBER WORLD / of rubber manufacturing staffs than the 
has NOT changed nearest paper in the field. 

its policy of offering an AUDITED circu- 
lation, more than 65% paid, in accordance 
with U. S. Postal Regulations governing 
2nd Class mail. 


its complete coverage of the scientific 
and technical activities, personalities, 
meetings, and other items of interest to 
readers. 
its position of respect in the rubber in- 
dustry. 


For complete details of its 
service to the industry write 


RUBBER WORLD 


386 FOURTH AVENUE NEW YORK 16, N. Y. 
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The extremely low cost of PICCOPALE, and its avail- 
nome in enormous quantities make this new type of 
troleum resin ideal for use as a basic raw material. It 


*% 100% petroleum polymer 1s chemically inert—not affected by acids, and alkalies; 


moisture-proof; soluble in naphthas, chlor- 
inated and other solvents.Available in liquid solution 
or in flaked or solid form. 


*% Versatile, compatible, 
permanent 


*® By the trainload, if you wish 
WRITE for complete data, specifications and samples. 


PENNSYLVANIA INDUSTRIAL CHEMICAL CORP, 
Clairton, Penna. 


Please send me a copy of your bulletin dexribing 
PICCOPALE and samples of grade for (application) 
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AVAILABLE 
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cost 
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Pennsyivania Industrial Chemical Copp 
- Clayton, Po, West Elizabeth, Pa., and 
District Soles OM ices 
Benen. Nee Yar, Chicoge, 
los Angeles, Phiadeipma, Pittsburgh 


with CALCENE + SILENE + HI-SIL 


Today, color is of major concern 
to virtually all industrial designers 
and has successfully invaded such 
monochromatic domains as kitchen 
appliances, surgeon's gowns and 
even tres. 

Colored goods create new markets 
and stimulate volume in existing 
markets. Colored goods increase 
customer acceptance and satisfac- 
tion. Color opens new frontiers of 
sales and profits for you. 

Columbia-Southern’s white rein- 
forcing pigments—Calcene, Silene, 
Hi-Sil--now give any compounder 


a range of good physical properties 
and permit rubber goods manu- 
facture in any desired shade or tone. 

Let us know your objectives in 
colored rubber goods—there’s a 
Columbia-Southern pigment (or a 
combination) that will fit your 
needs. Write or telephone today to 
Rubber Pigments Department at 
our Pittsburgh address. 


COLUMBIA-SOUTHERN 


CHEMICAL CORPORATION 


SUBSIDIARY OF PITTSBURGH PLATE GLASS COMPANY 
OWE GATEWAY CENTER PITTSOURGH PEMMSTLVAMIA 


FOR SALE 


One (1) complete set of Rubber Chemistry 


& Technology in good condition. 


An 


exceptional buy for Industrial, Public or 


private library. 


For price and availability write: 


George E. Popp, Treasurer 
Division of Rubber Chemistry, A.C.S. 


318 Water Street 
Akron 8, Ohio 


FRanklin 6-4126 
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ANTIMONY SULPHIDE 


Regular Grades for Attractive Color 
Also 


A special grade for obtaining colored 
stocks having high abrasion resistance 


RARE METAL PRODUCTS CO. ATGLEN, PENNA. 


SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


Works at Bristol, Pa. 


VULCANIZED VEGETABLE OILS 
* RUBBER SUBSTITUTES 


REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicago — Denver — Los Angeles — Albertville (Ala ) 
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white and bright pid 
¢ rubber or plastics. 


A new 


©ompounding ALL 


"atural and Synthetic rubber 


| 
Technical Service Dept. | 
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SOUTHERN CLAYS, 


33 RECTOR STREET * NEW YORK 6,N.Y. 
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CARBON BLACKS 
Wyex EPC Arogen GPF 
Easy Processing Channel Black General Purpose Furnace Black 


Arrow MPC Aromex CF 
Medium Processing Channel Black Conductive Furnace Black 
SRF Aromex ISAF intermediate 
Semi-Reinforcing Super Abrasion Furnace Black 
Arovel FEF 
Fast Extruding Furnace Black 
Collocarb 


Aromex HAF 80% Carbon Black + 20% 
High Abrasion Furnace Black Process Oil 


CLAYS 
Suprex Clay . . . «. High Reinforcement 


Paragon Clay. . . . « Easy Processing 
Hi-WhiteR . . . . + . White Color 


RUBBER CHEMICALS 


Turgum S, Natac, Butac. . . . «. « « Resin-Acid Softeners 
Reinforcing White Pigment 


TUTAMEUM PUGMEMT the in pigment 


CORPORATION 
Subsidiary of NATIONAL LEAD COMPANY 3867 X 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 

INDEX TO ADVERTISERS 
Alco Oil and Chemical Corporation. .. . 25 
American Cyanamid Company, Organic Chemicals Division 12 
American Zine Sales Company................... 
Carter Bell Manufac ‘turing Company, The. 31 
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Essential Reading for Rubber Men— 
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RUBBER: 


Natural & Synthetic 


By H. J. STERN 


New text book on Production 
and Processing including Com- 
pounding Ingredients, Machin- 
ery and Methods for the 
Manufacture of various Rubber 
Products. 


200 Illustrations—491 Pages 
$12.00* Postpaid 


(Sold Only in U.S. and Canada) 


LATEX 
IN INDUSTRY 


By ROYCE J. NOBLE, Ph.D. 


well- 


Second Edition of this 


known Text Book on Latex. 


912 Pages—25 Chapters 
Bibliography —I ndexed 


$15.00* Postpaid in U.S. 


$16.00 All Other Countries 


RUBBER 
RED BOOK 


Directory of the 
Rubber Industry 
Contains Complete Lists of Rub- 
ber Manufacturers and Suppliers 


of Materials and Equipment, 


Services, etc. 


Tenth Issue—1955-56 Edition 


$10.00* Postpaid 


Single copies (over 


RUBBER AGE 


The Industry's Outstanding 
Technical Journal Covering the 
Manufacture of Rubber and 
Rubberlike Plastics Products. 


SUBSCRIPTION RATES 


U.S. Canada Other 
1 Year $5.00 $5.50 $6.00 
2 Years . 7.50 8.50 9.50 
3 Years ......10.00 11.50 13,00 


Single copies (up to 3 months) 50¢ 


3 months) 


75¢ 


PALMERTON PUBLISHING CO., INC. 
101 West 31st St., New York 1, N. Y. 


(*) Add 3% Sales Tax for Copies to New York City Addresses 


ae 
ne 


RELY on NEOPRENE 


TO MAKE A BETTER PRODUCT 


There's a type to meet your exact requirements... 


DRY NEOPRENE 


GENERAL-PURPOSE TYPES 
TYPE W ... Possesses outstanding stor- 
age stability and excellent processing 
characteristics. Produces’ vulcani- 
zates having light color, good heat re- 
sistance and low set. 

TYPE wet. For use wherever the 
properties of Type W are desired plus 
maximum resistance to crystalliza- 
tion. 

TYPE WHY... For low-cost compounds 
when loaded with substantial amounts 


results in improved storage stability; 
will stain and discolor. 

Type Gat... . Recommended for com- 
pounds requiring improved tack re- 
tention and maximum resistance to 
crystallization. 


SPECIAL-PURPOSE TYPES 
Typeac... Especially developed for 
quick-setting adhesive cements. Su- 
perior in stability and color. 

Especially developed for 
high-solids cements, putties and 


of oil and filler. It is a high-viscosity 
Type W. 

TYPE GN... Suitable for use in non- 
staining and light-colored compounds. 
TYPE GN-A Contains a stabilizer that 


doughs. 
Types... Especially developed for 
crepe soles. Also used as a stiffening 
agent during processing of other neo- 
prenes. 


NEOPRENE LATEX 


TYPE (Solids 07, +17) —General-purpose type for most applications. TYPE 872 (Solids 
3, high wet strength type for adhesives. TVPE GOUA (Solids 97°, + 1%) dipped and 
mor zation. FBS (Solids 37.5% + 1.5%) —A 


latices to improve wet gel strength and 


—Fest-settir 


oated g is and for foam ved resistance to crysta 

{ for papermaking. Used with other 
ds 


General -py 


type latex. Specially suite 
Tyre 736 

TYPE 842A +) uring type; vulcanizates have improved resist- 
mmended for dipping, seturation, and os a binder for fibers. TVPE 9SO 4s 
ompounds ore stoble in range of pH 2-12. For treatment of fibrous 


A more stable form of Type 735 for use in papermaking 

ose, fost 

rystollization. Re 
A catior 


once 


whose 


FE. 1. du Pont de Nemours & Co. (Ine.) 
Elastomers Division 


DISTRICT OFFICES: 


Akron 8, Ohio, 40 E. Buchtel Ave 
Atlanta, Ga., 1261 Spring St., N.W...... 
Boston 10, Moss., 140 Federal St 


NEOPRENE RESISTS: 


(recse Chemcols 


n Heot 


Sunlight zone Oils 


Aging * Abrasion « flome « Flex Cracking 
POrtage 2-646) 

EMerson 5391 
HAncock 6-1711 


Chicago 3, 7 South Dearborn 
Detro# 35, Mich., 13000 W. 7-Mile Rd.......UNiversity 4-1963 
Houston 25, Texas, 1100 E. Holcombe Bivd 
Los Angeles 58, Colif., 2930 E. 44th St 
Trenton 8, N. J. 1750 No, Olden Ave 
Wilmington 98, 1007 Market St 
in New York call WAlker 5.3290 
in Conade contact: Du Pont Company of Conada Limited, 
Box 660, Montrec! 


6 eet OFF 


| 
motera's 
BETTER THINGS FOR BETTER LIVING 
. +» THROUGH CHEMISTRY 


You can 
of 


acter 
gardiess of the quantity requirement . . . 
Here is dependable assurance of uniformity 


rubber and plastics to give certainty in /M 
product development and production runs. 
Our services are offered in co- 


in any type compounding material ‘a — 


AKRON 5S, GHIO 


BRANCHES: BOSTON, TRENTON, CHICAGO, LOS ANGELES _ 


for 
RUBBER and 
COMPOUNDING 
PRECISION 
mily 
depend upon the Precision char- 
operative research toward the 
application of any compounding pRESING: 
MODIFIED STYRENES» 


can HORSE 
LINC 

OXIDES 


rormutate FASTERS 


..+» Because the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 

1. It is the only line having such a wide range of particle 

sizes, surface conditions and chemical compositions. 

2. Its conventional types cover the range of American 

and French Process oxides. 

3. Its exclusive types include the well-known Kadox 

and Protox brands. 

That means you need not waste time adapting a single 
Zinc Oxide to each specific compound. Instead, just choose 
from the Horse Head line the Zinc Oxides that best meet 
your needs. 


FORMULATE 


++ Because you need to com 
choose from the wide variety of Horse Head Zinc Oxides. 
.. + Because the Horse Head brands can improve the 
properties of your compounds. | 
ear after year, for nearly a century, more rubber 
manufacturers have used more tons of Horse Head Zinc 
Oxides than of any other brands, 


‘THE NEW JERSEY ZINC COMPANY 


Founded 1848 
160 Front Street, New York 36, N. Y. 


: “a 
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a 


